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Abstract 
Genetic structure and reproductive mode was studied in the pine pathogen Dothistroma 
septosporum using amplified fragment length polymorphism (AFLP) and mating type 
markers in 19 populations in northwest BC. Within population diversity was high as 
determined by AMOVA (85%, p = 0.000). Twelve of 19 populations were not 
significantly different from each other suggesting high gene flow. The remaining seven 
populations showed some level of divergence possibly due to historic separation. 
Genotypic diversity was high, and overall mating type segregation did not differ 
significantly from 1:1 suggesting the presence of sexual reproduction. However statistical 
mating tests suggest that only a few populations are randomly mating. Growth rate and 
toxin production was highly variable between isolates, and overall toxin production was 
relatively low and did not differ significantly between two populations. Results indicate 
a high evolutionary potential and long distance dispersal in this pathogen, important to 
consider in future forest management. 
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1.0 Introduction 
Dothistroma septosporum (Dorog.) Morelet (= pint Hulbary) is an ascomycetous foliar 
pathogen of many Pinus species worldwide (Gibson 1972, Gibson 1974, Bradshaw 
2004). It has been an important disease agent in exotic pine plantations in many 
countries of the Southern Hemisphere since the late 1950s following the widespread 
planting of exotic Pinus radiata D. Don monocultures in large-scale forestry operations 
(Gibson 1972). Dothistroma septosporum has also been found in countries of the 
Northern Hemisphere, but past outbreaks have not been as widespread or severe as they 
have been in the South until recently (Gibson 1972, Woods 2003, Bradshaw 2004). 
1.1 Problem in BC 
Dothistroma septosporum was first noted in the 1960s on both native and exotic Pinus 
species in British Columbia (Funk & Parker 1966, Parker & Collis 1966) however recent 
work using tree ring records has shown an outbreak history of the pathogen from as far 
back as the early 1800s (Welsh 2007). The teleomorph was identified on foliage from 
several British Columbia localities in 1964 and 1965 (Funk and Parker 1966). Early 
studies on the disease in British Columbia are limited to the life cycle (Funk & Parker 
1966) and records of presence (Canadian Forest Service's annual Forest Insect and 
Disease Survey-FIDS - for example Unger & Humphreys, 1984). 
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Recently there has been a large outbreak of Dothistroma septosporum in northwest 
British Columbia that has been causing a lot of concern due to the extent and severity of 
the outbreak, and the fact that a native species is being attacked (Woods 2003, Woods et 
al. 2005). Over 90% of lodgepole pine plantations surveyed have suffered some damage 
in the current outbreak. The damage in these plantations ranges from low levels of 
infection to nearly 100% mortality (Woods 2003, Woods et al. 2005). Lodgepole pine 
(Pinus contorta var latifolia Dougl. Ex Loud.) is the predominant pine species in central 
and northern British Columbia. It is an important commercial species and is one of the 
species most commonly harvested and replanted. The economic impacts of a disease 
outbreak of this scale can be quite severe; for instance reforestation programs have been 
established to restock plantations that have suffered high levels of mortality (Woods et al. 
2005). 
Several factors may contribute to the extent and severity of the outbreak. These include 
conducive weather patterns: warm, moist summers and cool wet falls, current forest 
practices leading to an abundance of host, or a decrease in vigor of the host, and a more 
virulent strain of the pathogen itself (Woods 2003). 
Few studies have investigated the genetic structure of Dothistroma septosporum. In New 
Zealand, studies suggest the existence of only one clone that has propagated asexually 
ever since its introduction (Hirst et al. 1999). Ganley and Bradshaw (2001) showed 
genetic variation in isolates from eight different countries, and Barnes et al. (2004) 
showed two distinct lineages, D. pint from the United States, and D. septosporum with a 
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worldwide distribution. Groenewald et al. (2007) characterized mating type genes for the 
two species and in a study of 15 countries found that both mating types were present in 
six countries, including Canada. In Canada, both mating types existed in approximately 
equal proportions. 
The current disease outbreak in British Columbia is unique in that a native pine species is 
being affected, and in the severity and extent of the outbreak. These circumstances have 
not been previously noted in the Northern Hemisphere. The favourable conditions for 
disease, as well as the existence of the teleomorph and both mating types in British 
Columbia, may have enabled sexual reproduction which may be a contributing factor to 
the severity of the current outbreak. Sexual reproduction may speed up evolution of the 
pathogen population which could lead to a more virulent strain of the fungus itself or to 
strains better adapted to prevailing conditions. Little is known about the population 
genetic structure of Dothistroma septosporum under these conditions. Therefore, the 
purpose of this study is to explore the population genetic structure of Dothistroma 
septosporum in northwest British Columbia, to relate population structure to reproductive 
strategies and current forest practices, and to explore the toxin producing capabilities of 
the pathogen. 
The objectives of this study are: 
1) To determine the level of genetic variation within populations of Dothistroma 
septosporum at the tree and stand level; 
3 
2) To determine if there is a difference in genetic variation of D. septosporum 
between three different biogeoclimatic subzones within the northwest portion of 
British Columbia; 
3) To determine if there is a difference in genetic variation of D. septosporum 
between natural pine stands and pine plantations; 
4) To determine if sexual reproduction plays a role in the life cycle of D. 
septosporum in northwest BC; 
5) To determine if there is a difference in the amount of dothistromin production 
between strains of D. septosporum from two different populations. 
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2.0 Literature Review 
2.1 Geographic distribution and history 
Dothistroma septosporum has been defoliating trees and reducing wood yield in exotic 
Pinus radiata plantations in many countries in the Southern Hemisphere since the late 
1950's, but may have been around as early as the 1940's (Gibson 1972). Outbreaks of 
the fungus followed the widespread planting of exotic pine monocultures {Pinus radiata) 
throughout countries in the Southern Hemisphere. In Africa, the fungus was a noteworthy 
pathogen in Tanzania in the late 1950s, and spread to Kenya in the 60s and by the middle 
of the 60s, it was distributed all across east Africa (Gibson 1972). The disease followed 
the planting of Pinus radiata in other Southern Hemisphere countries such as Chile 
(Dubin & Staley 1966) and New Zealand (Gilmour 1966, Bradshaw 2004). 
The fungus was first noted throughout the Northern Hemisphere during the same time 
period. Collections showed the fungus to be present in several localities in the United 
States (Hulbary 1941, Rogerson 1953 Thyr & Shaw 1964, Cobb & Miller 1968) and 
Canada (Funk & Parker 1966), and has also been found throughout many European and 
Asian countries (Gibson 1974, Bradshaw 2004). In Canada and the United States, D. 
septosporum not only occurs on exotic Pinus species, it also appears to be endemic to 
native species, suggesting that the pathogen may be indigenous to these regions. However 
an earlier introduction of the pathogen from Central America, where it has been 
considered to originate based on worldwide distribution patterns, host distribution, and 
host resistance and susceptibility in different habitats, cannot be ruled out (Evans 1984). 
Hulbary first described the fungus (1941) proposing the name Dothistroma pini and 
assigning previous conspecific collections to the new species. Thyr and Shaw (1964) also 
assigned previously collected conspecific samples to this species and further divided the 
species into varieties based on conidial length differences found in the western United 
States (longer conidia, D. pini var. lineare) and central United States (shorter conidia, D. 
pini var. pini). Work by Ivory (1967) proposed a third variety with intermediate conidial 
lengths (D. pini var. keniensis). 
Barnes et al. (2004) explored the phylogenetic relationship between isolates from 
different countries and used DNA sequence data to determine the validity of the three 
varieties proposed in earlier morphological studies. Their results indicate that there are 
two distinct phylogenetic species of the pathogen, but no genetic basis for the separation 
of the fungus into varieties. Based on sequence divergence in four gene regions, there is 
one distinct species (D. pini) that is pathogenic on pine in the north central United States, 
and a second distinct species (D. septosporum) that has a world wide distribution. There 
was one isolate tested from Canada which grouped with the globally distributed species, 
D. septosporum. Bradshaw et al. (2002) also found differences in the ITS sequence that 
separated the central US strains from the others. 
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2.2 History of D. septosporum in BC 
Dothistroma septosporum was first identified as the cause of a serious foliage disease in 
British Columbia in 1964 (Parker & Collis 1966). It was identified on non-native pine 
species on Vancouver island: Pinus radiata D. Don, P. muricata D. Don, P. pinaster 
Aiton, P. nigra var. calabrica Arnold, P. contorta x banksiana (var. latifolia Dougl. ex 
Loud. & Lamb, respectively), and P. echinata x taeda (P. Mill & L. respectively), as well 
as throughout the province on some native pine species including P. contorta var. 
latifolia Dougl. ex Loud., P. monticola Dougl. ex D. Don, and P. ponderosa Douglas ex 
Lawson & C.Lawson. The disease was most severe in non-native pine species on 
Vancouver Island, with 60% mortality in eight plantations over three years including one 
seven acre plantation with 100% mortality. On native pine species throughout BC 
infection was light, with the most severe cases recorded from two natural stands of Pinus 
contorta, one in Cinema, south of Prince George, and one on southern Vancouver Island. 
The fungus was also present in surveys from the Kamloops, Nelson, Prince George, 
Prince Rupert, and Vancouver forest districts (Parker & Collis 1966). 
During surveys throughout British Columbia in 1964 and 1965, the teleomorph was 
identified in necrotic tissue of both exotic and native pine trees infected by D. 
septosporum (Funk & Parker 1966). The ascostromata gave rise to cultures 
morphologically identical to cultures obtained from conidia. The ascospores were 
produced in late spring, early summer about a month after the conidia were produced, and 
production of ascospores lasted about a month (Funk & Parker 1966). 
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Since these initial studies, the fungus has been identified as a common forest pathogen in 
British Columbia (Hunt 1995) and has been identified as the cause of a small but intense 
outbreak of needle blight in the mid 1980's (Forest Insect and Disease Survey of Canada, 
Prince Rupert Region 1984, unpublished data, cited from Woods 2003). Now, the fungus 
has been identified as a major cause for concern due to the extent and severity of 
outbreaks in northwest British Columbia (Woods 2003, Woods et al 2005). 
2.3 The disease triangle 
A commonly used model to explain disease occurrence and severity is the disease 
triangle (Gaumann 1950). The disease triangle represents the three fundamental 
components of a disease outbreak which include suitable environmental conditions, 
susceptible host and virulent pathogen. The three components consist of factors that 
contribute to disease severity. The factors that are relevant to development of 
Dothistroma outbreaks are discussed below. 
Pine is a very versatile genus, with a rapid growth rate and an ability to tolerate many 
different habitats, which has lead to the widespread planting of many pine species 
worldwide. On the global scale, this has led to large numbers of non-indigenous pines 
growing in new habitats where disease resistance may be lacking due to lack of exposure 
to the agent. At a more local scale, overall vigor may be reduced in a tree that is planted 
in a sub-optimal habitat resulting in greater susceptibility to pathogens. 
Forest management practices in northwest BC have led to a shift in forest composition in 
managed stands (Woods 2003). Fast growing, commercially preferred species have been 
favored over less desirable species. The Interior Cedar Hemlock biogeoclimatic zone 
(Pojar et al 1987) dominates the Kispiox valley of northwest BC. Natural mature stands 
in the area consist largely of western hemlock and subalpine fir, with only a small 
component of pine (9 %) (Woods 2003). Managed forests (plantations less than 20 years 
old) are dominated by lodgepole pine (36 %) and interior spruce (45 %) (Woods 2003). 
This shift in forest composition has led to an over abundance of host, often in a 
monoculture style plantation, closely situated to one another, which promotes spread of 
pathogens. 
The environment also plays an important role in disease outbreaks. Many fungal 
pathogens rely on water or air movement for spore dispersal, and are dependant on 
favorable temperature and weather conditions for survival. Air movement and local 
topography, may also play a role in disease severity through affects on humidity and cold 
air drainage. 
Dothistroma septosporum is adapted to warm moist environments. Woods et al. (2005) 
have shown that the dramatic increase of disease in northwest BC followed an increase in 
mean summer precipitation, and that increases in precipitation also occurred during 
previous documented outbreaks. The life cycle of D. septosporum is directly affected by 
local weather conditions. Studies by Peterson (1973) show that there is little to no 
germination of the conidia during periods of low humidity and high temperatures, and 
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periods of infection and symptom development vary with temperature extremes. Water is 
also needed for dispersal of the conidia (Peterson 1973). 
The third component in the disease triangle is the pathogen itself. Factors that can 
contribute to disease severity include greater inoculum loads, increased virulence, and the 
pathogen population's evolutionary potential (ability to adapt over time). Increased 
virulence can come from attributes of the pathogen such as an ability to overcome host 
defenses, the ability to produce toxin, and the quantity produced. The evolutionary 
potential is a result of factors such as mutation rates, effective population size, gene flow, 
natural selection, and reproductive cycle (McDonald and Linde 2002). Increased toxicity 
via the evolution of a more virulent strain of pathogen is another possible reason for the 
extent of the outbreak in Northwest British Columbia. 
2.4 The pathogen 
2.4.1 Disease cycle 
Dothistroma septosporum carries out its life cycle on the foliage of its host. It spreads 
mainly via the conidia, which are produced in an asexual fruiting body or stromata 
(Gibson 1972). The stromata are produced from within the host needle and mature one to 
two years after initial infection at which point they erupt through the epidermis of the 
needle (Hulbary 1941, Thyr & Shaw 1964, Peterson 1967). Conidia are released during 
moist conditions and spread by splash dispersal (Hulbary 1941, Rogerson 1951, Peterson 
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1967, Gibson 1972). Peterson (1973) found that the range of dispersal of the conidia was 
limited. High numbers of conidia were collected beneath trees, very few were collected 
more than 60 cm from infected trees, and rarely were any collected over 150 cm from 
infected trees (Peterson 1973). Infection of the pine needles takes place by germ tubes 
produced by the fungus, which penetrate the needle through the stomata (Peterson 1967, 
Gadgil 1967, Bradshaw 2004). The fungal mycelium grows inter and intracellularly in the 
mesophyll tissue of the host, and is confined to necrotic tissue (Hulbary 1941, Gadgil 
1967, Bradshaw 2004). 
In southern British Columbia, stromata rupture the epidermis in April and May, and 
about a month later in the central interior of the province (Funk & Parker 1966). Conidia 
are produced and released through early spring to late summer or early fall. Ascospore 
production follows in early June and continues for about a month (Funk & Parker 1966). 
The lower frequency of the teleomorph, and the shorter release period of ascospores 
suggest that primary dispersal of the fungus is through the asexual conidia (Cobb et al. 
1969, Karadzic 1989). 
2.4.2 Host and stand level symptoms 
Following initial infection, symptoms can start to appear within weeks (Bradshaw 2004). 
Symptoms first appear as yellow or brown spots (Hulbary 1941, Peterson 1967) followed 
by the appearance of red bands. The red banding is due to dothistromin, a mycotoxin 
produced during initial growth stages of the fungus (Shain & Franich 1981, Bradshaw & 
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Zhang 2006). The toxin is produced at the early stages of infection, suggesting that it aids 
in colonization of the host (Bradshaw & Zhang 2006). Black stromata develop within the 
red bands. The needles eventually die and often drop prematurely (Peterson 1967). 
Infection develops within the inner, lower foliage of the tree, spreading upwards and 
outwards (Gibson 1974). Severe infection can result in trees with only a tuft of living 
needles at the end of branches near the top of the tree (Thyr & Shaw 1964). This pattern 
of infection may be attributed to dispersal by rain, where older needles located on the 
lower branches are infected and drop first, while the upper needles remain green or less 
symptomatic (Funk and Parker 1966). In some Pinus species, older foliage may be more 
susceptible to infection, which may also contribute to this pattern of infection (Peterson 
1967). Infection by Dothistroma septosporum can range in severity and result in reduced 
growth rates or wood yields (van der PAS 1981) or in severe cases, infection can lead to 
death of the tree (Gibson 1974, Woods 2003). 
2.4.3 Reproductive strategies and genetic structure 
The general life cycle of an ascomycete starts with the germination of spores which grow 
into haploid mycelium forming the main tissue of the fungus (Agrios 1997). During the 
process of asexual reproduction, haploid chains of cells are produced at the tips of the 
hyphae which break off to produce the asexual conidia which are genetically identical to 
the parent. Conidia are produced in the asexual fruiting body, in this case the stromata, 
and are released upon maturity in suitable environmental conditions. When two hyphae 
come into contact with one another, there is an opportunity for sexual reproduction. In the 
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case of Dothistroma septosporum, shown to be heterothallic by Groenewald et ah (2007), 
these two hyphae must be of opposite mating types. The hyphae join to produce an 
ephemeral dikaryon which then undergoes karyogamy and meiosis resulting in genetic 
variation in the daughter cells. This process is repeated many times within the sexual 
fruiting body, or ascostromata, producing many genetically unique ascospores (Agrios 
1997). 
Dothistroma septosporum has known sexual and asexual stages, but is capable of existing 
solely through asexual reproduction suggested by the lack of sexual structures through 
out much of its range (Evans 1984) and by studies that show a lack of genotypic 
variability (Hirst 1999). Mixed reproductive modes can lead to situations with little to no 
genetic variation when reproduction is only asexual to high levels of variation in a 
sexually reproducing population. 
Genetic variation can directly affect a population's evolutionary potential (McDonald & 
Linde, 2002). A population with high genetic variation has a high evolutionary potential 
as it can quickly adapt to new conditions such as resistant hosts or changing environment. 
Populations with low genetic diversity have a low evolutionary potential and may not 
adapt as quickly to new selection pressures (McDonald & Linde, 2002). Gene flow 
among populations and recombination are two important sources of new allelic and 
genotypic variation that can act to increase diversity in a population (McDonald & Linde, 
2002). These are important biological forces to consider in disease management as they 
can have profound affects on how we manage for outbreaks. For example management 
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strategies that limit pathogen population size and gene flow between populations will be 
more effective in control (McDonald & Linde, 2002) than practices that enhance gene 
flow. Control strategies in this instance may include limiting host stands, reducing 
connectivity of host stands, and increasing the geographic proximity of host stands. 
Sexual recombination is an important source of genotypic variation in populations 
(McDonald & Linde, 2002). Sexual recombination causes the reassortment of alleles, 
genes, or combinations of both to create new genotypes (McDonald & Linde, 2002). 
Although important for adaptation, many fungi are able to exist without sexual 
reproduction, or through a combination of both asexual and sexual reproduction. There 
are several benefits to both modes of reproduction in fungi. The sexual cycle may be 
important for adapting to new conditions, however, sexual reproduction may require 
more energy for the organism than asexual reproduction. 
Fungi with mixed reproductive strategies may have the most optimal adaptive advantage 
(McDonald and Linde 2002). Sexual recombination will produce many new genotypes 
and natural selection will favour those that are best able to overcome host resistance. 
Asexual reproduction keeps the fittest combinations of alleles together and increases the 
number of individuals possessing those fit combinations. If dispersal is efficient and gene 
flow high in the pathogen population, the fittest individuals will spread over a large range 
and cause an epidemic (McDonald and Linde 2002). 
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The genetic structure of the pathogen population is influenced by reproductive modes. 
Asexually reproducing populations display low genetic and genotypic diversity with 
increased levels of clonality (Kohn 1994, Chen & McDonald 1996) as well as gametic 
phase disequilibrium (Chen and McDonald 1996, Millgroom 1996). Randomly mating, 
sexually reproducing populations display high levels of genetic and genotypic diversity, 
random association between alleles at different loci (Milgroom 1996, Chen and 
McDonald 1996), and both mating types should be in approximately equal proportions 
(Millgroom, 1996). 
Few studies have been undertaken to determine population genetic structure of 
Dothistroma septosporum, or the role that it plays in spread of the disease. In New 
Zealand, extensive research has been done on the pathogen. This work includes genetic 
analysis within New Zealand, and a study that examined isolates from eight different 
countries. Hirst et al. (1999) detected no genetic diversity in the pathogen within New 
Zealand using random amplified polymorphic DNA and random amplified 
microsatellites. This is attributed to the possible introduction of only one strain of the 
fungus that has been spreading asexually ever since (Hirst 1999). Ganley and Bradshaw 
(2001) were able to show genetic differences between isolates from different countries 
using microsatellite loci. 
It is unknown how much of a role sexual reproduction plays in the life cycle of 
Dothistroma septosporum. It has been shown by Groenewald et al. (2007) that the fungus 
is heterothallic, where one isolate contains only one of the two mating type genes, 
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therefore sexual reproduction is limited to populations that contain both mating types. 
The fungus is able to survive solely through asexual reproduction suggested by the 
absence of a second mating type in many southern hemisphere countries (Groenewald et 
al. 2007), and the presence of a single clone throughout New Zealand (Hirst et al, 1999). 
It is unknown how much sexual reproduction contributes to population structure in 
habitats where both mating types coexist, such as British Columbia. 
2.4.4 Dothistromin toxin 
Dothistroma septosporum produces the toxin dothistromin. This toxin has been shown to 
cause the red band needle blight symptoms in pine needles (Shain & Franich 1981) and to 
elicit host responses (Franich et al. 1986). Pathogen isolates appear to vary in their 
abilities to produce the toxin which may depend on factors such as environment, 
instability of an individual, or to the toxin producing ability of the individuals (Bradshaw 
et al. 2000). Bradshaw et al. (2000) found that D. septosporum strains from the German 
Alps as well as some of the isolates from central USA were able to produce extremely 
high levels of the toxin. Increased toxin producing abilities may be due to an adaptation 
to the colder climate in the higher altitudes, or to other factors such as the presence of the 
teleomorph, history of the outbreak or age of the isolate (Bradshaw et al. 2000). 
Introductions of more virulent strains to less virulent populations could reduce the 
effectiveness of control methods, or increase the disease severity in other regions. These 
findings reveal the importance of programs to control the spread of this pathogen. 
2.4.4.1 Health hazards 
The dothistromin toxin is also of interest due to its toxicity to humans. Ferguson et al. 
(1986) have shown that the toxin causes chromosome abnormalities in human 
lymphocytes and Skinnider et al. (1989) found an increase in frequency of sister 
chromatid exchange. Also of interest is that the biosynthetic pathway leading to the 
production of dothistromin is very similar to the pathway that leads to aflatoxin 
production, a human carcinogen (Bradshaw et al. 2002). Studies on the toxin are 
important both for developing methods of control of this pathogen, but also for the 
development of safety protocols for forest workers. If high toxin producing strains of the 
fungus are also able to produce high levels of toxin in tree needles, there could be an 
increased risk to forest workers. Although the toxin degrades quickly in needles (Franich 
et al. 1986) trace levels have been found in forest air and water systems as well as in 
forest workers clothing and on skin from studies done in New Zealand in 1984 and 1985 
(Briggs unpublished data; Franich & Gadgil unpublished data cited from Elliott et al. 
1989). Worker exposure to toxin was greater in wet conditions versus dry and was also 
affected by season and environment (Elliott et al. 1989). The increasing incidence of 
Dothistroma disease epidemics in the Northern hemisphere is also of concern (Bradshaw 
et al. 2002). An understanding of risks is essential for development of safety protocols 
for forest workers. Studying the toxin producing abilities of the fungus could give insight 
as to why the current disease outbreak in northwest British Columbia is so severe, what 
might be expected in future populations of this pathogen, and to help develop safety 
protocols for forest workers. 
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2.5 Forest management 
Economic impacts of a foliar disease can range widely in forest plantations. Low levels 
of defoliation may reduce vigor to a small extent, but trees will recover in the following 
growing seasons, with little loss in height growth increment or diameter growth. Gibson 
(1974) found a decrease in diameter growth only when defoliation was greater than 25%, 
and losses in increment growth appeared after more progressive defoliation. The loss of 
growth is more substantial in younger trees and as defoliation increases. Loss of 
increment growth follows an approximately linear relationship with defoliation in one-
year-old (or less) Pinus radiata, and diameter growth in three and four-year-old trees was 
reduced by one half with 50% defoliation, and by about 90% with 75% defoliation 
(Gibson 1974). Repeated defoliation of a tree causes a decrease in photosynthates 
translocated to the roots which can cause a lagged reduction in overall growth (van der 
PAS 1981). Repeated defoliation events can also affect the form of a tree where there is a 
decrease in the base of the stem and overall less stem taper (van der PAS 1981), and can 
lead to death of the host trees. When the host trees are part of a forest plantation, 
considerable resources must be used to assess the level of damage, monitor the situation, 
and to reforest the area (Woods 2003). Management costs also increase when control 
programs must be developed and implemented to combat continuous moderate to high 
levels of pathogen activity. 
Currently, the disease is managed in Southern Hemisphere plantations by the aerial 
application of copper fungicides (Bradshaw 2004), which can be costly and have 
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detrimental effects on the environment (Devey et al. 2004). Reduction in disease is also 
obtained through breeding programs for Dothistroma septosporum resistant pine strains. 
Resistance can be obtained by reforesting with naturally resistant pine strains, or with 
provenances that show resistance (Bradshaw 2004). Quantitative traits can be selected for 
through long term breeding programs, or by selecting individuals that have a genetic 
marker associated with quantitative resistance (Devey et al. 2004). Breeding programs 
have been underway in New Zealand for some time now and have been effective in 
reducing overall losses (Bradshaw 2004). 
2.6 Population analysis 
In order to develop control programs, knowledge of the pathogen population's genetic 
structure is needed. Resistance in host populations may be effective for pathogen 
populations with low evolutionary potential, but may not remain effective for long in 
populations with high evolutionary potential (McDonald & Linde, 2002). This is an 
important consideration for species with long generation times such as trees. Control 
programs should be more effective if they reduce evolutionary potential by reducing gene 
flow between populations, population size, and the opportunity for recombination 
(McDonald & Linde, 2002). Quantification of genetic diversity should give insight to the 
population structure, reproductive strategies and the life cycle of the pathogen in 
northwest British Columbia. Knowledge of population genetic structure also gives insight 
to a pathogen's ability to infect new populations, gene flow, and the potential to adapt or 
gain virulence (Kinloch et al. 1998). In addition to developing management strategies for 
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disease outbreaks, knowledge of pathogen genetic structure and epidemiology can help in 
developing reforestation programs designed for resistance and resilience to avoid spread 
and future epidemics. 
Many genetic methods exist to study population level diversity. Amplified fragment 
length polymorphism (AFLP), developed by Vos et al. (1995) is commonly used for 
population level studies. It is based on restriction site differences between individuals 
throughout the genome, but requires no prior sequence knowledge. DNA is subjected to a 
digestion reaction where two restriction enzymes are used creating multiple fragments of 
DNA where length and quantity is dependant on the restriction sites in the DNA sequence 
of the individual. Adapters with ends that match the restriction sites are ligated on to the 
ends of the fragments, and polymerase chain reaction (PCR) is used to amplify the 
fragments where the primers match the adapters. Selective nucleotides are added onto the 
primers in a second PCR amplification enabling the user to screen primer combinations 
that produce many polymorphic fragments for the populations under investigation (Vos et 
al. 1995). The large number of loci spread throughout the genome gives the user a 
powerful data set to detect differences between individuals in comparison to a small 
number of loci in a few segments of DNA. This may be more useful in detecting 
differences between closely related or young populations. 
Microsatellites are short tandemly repeated copies of a nucleotide sequence, useful in 
detecting differences in individuals due to their high mutation rates. Polymorphisms are 
due to length variation caused by varying numbers of repeats (Morgante & Olivieri 
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1993). The advantage of this technique is that many microsatellite primers have been 
developed for use with many different fungal species. Primers developed for closely 
related species may be useful as primers for Dothistroma septosporum (J. Stone 
personal communication). Informative microsatellite loci have been developed for use 
with Dothistroma septosporum (Ganley & Bradshaw 2001) using a method involving 
anchored PCR described by Fisher et al. (1996). Available primers and the ease of this 
technique makes this a viable method of detecting genetic variation in Dothistroma 
septosporum and to compare the isolates from this study to the Canadian isolate used in 
the study done by Ganley and Bradshaw (2001). 
In addition to the AFLP and microsatellites, mating type primers have recently been 
developed for Dothistroma septosporum and Dothistroma pini (Groenewald et al. 2007). 
These primers amplify DNA fragments specific to each species and mating type 
(Groenewald et al. 2007). The use of this method enables easy identification of species, 
as well as confirming the existence of diversity and sexual recombination inferred by the 
AFLP method. 
1
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3.0 Research Methodology 
3.1 Field collections 
Foliar samples from lodgepole pine were collected from trees showing signs of infection 
by Dothistroma septosporum. Trees were sampled from 24 stands randomly located 
within the primary range of the epidemic (the epidemic itself was centered in the Kispiox 
Timber Supply Area and ranged outward affecting many pine stands in the region, the 
sampling scheme covered portions of the epidemic over a wide range). Stands were 
divided amongst three biogeoclimatic subzones (Pojar et al. 1987) in northwest BC: the 
Interior Cedar Hemlock moist cool 1 zone (ICH mcl), ICH mc2, and the Sub Boreal 
Spruce moist cool 2 zone (SBS mc2) (the three main subzones found within the 
outbreak). Sites were at least 10 km apart, had signs of current infection with a minimum 
of 10% infected trees, were pine dominated, were a minimum of 10 years old, were 
accessible, were a minimum of 40 meters from main roads, and were adequate in size to 
accommodate the sample scheme. (Refer to Figure 1 for location of study area). 
Sixteen trees were sampled within each site. The first tree was located using a randomly 
selected bearing, from a known point such as a road junction. The remaining trees were 
sampled on a 30x30 meter grid. Infected needles were taken from each tree and brought 
to the lab where they were stored at four degrees Celsius for further analysis. On two of 
the sites, Nan - from the ICH mcl and Mit - from the ICH mc2, three samples were taken 
from each tree. One from the lower branches, one mid tree, and one in the mid to upper 
foliage in order to examine genetic diversity within a tree. 
3.2 Fungal isolation 
Needles showing symptoms and fruiting bodies of Dothistroma septosporum were 
surface sterilised in 10% bleach for five minutes, rinsed in sterile water for one minute, 
placed on water agar and stored at room temperature in a dark cabinet. After three days, 
a conidial mass from one fruiting body was collected with a dissecting needle, and 
streaked onto water agar. Conidia were left to germinate at room temperature for one to 
two weeks within a dark cabinet. After this time, an individual colony from each tree 
(which may have originated from single or multiple conidia) was transferred onto 
dothistroma medium consisting of 5% (w/v) malt extract, 2.3% (w/v) nutrient agar 
(Bradshaw et al. 2000). Cultures were maintained at room temperature (18-20 degrees 
Celsius). Samples were taken from each culture for storage on slant agar and for storage 
in glycerol at -80 degrees Celsius. 
3.3 Growth rate measurements 
To measure growth rate, two plugs with a diameter of 5 mm were extracted from the 
colony margin of each original isolation plate and transferred onto new Petri plates 
containing dothistroma medium (creating two reps). From these plates, measurements of 
two diameters at 90 degrees were made periodically to obtain growth rates. Qualitative 
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assessments (visual comparisons) were made for toxin production where a code was 
given for no toxin (0), some toxin leaching into the agar around the colony (1), toxin 
leaching into half the agar in the Petri dish (2) and toxin leaching into all the agar in the 
Petri dish (3). 
3.4 DNA extraction 
DNA was extracted using a phenol-chloroform method modified from that developed by 
Al-Samarrai and Schmid, (2000). Approximately 30 mg of tissue was lysed in a buffer 
containing 40 mmol/1 Tris acetate, 1 mmol/1 EDTA, 1% w/v SDS pH 7.8, 20 mmol/1 
sodium acetate (Lerner & Model 1981, from Al-Samarrai & Schmid 2000). The solution 
was then precipitated with 165ul of 5 mol/1 NaCl and centrifuged for 20 minutes. Four 
hundred microlitres of chloroform, and 400 ul of phenol were mixed with the supernatent 
and the solution was centrifuged for 20 minutes. The aqueous layer containing the DNA 
was transferred and cleaned twice with an equal volume of chloroform. The DNA was 
precipitated with lithium chloride in a final concentration of 0.1 M and two volumes of 
95% ethanol. The supernatent was removed, and the precipitate was re-suspended in 500 
ul lysis buffer and cleaned again with an equal volume of chloroform. The aqueous layer 
was then transferred and DNA was precipitated with sodium chloride in a final 
concentration of 0.2 M and two volumes of ethanol. Precipitated DNA was washed twice 
in 70% ethanol, dried and suspended in 50 ul TE buffer (10mmol/l Tris HCL, 0.1 mmol/1 
EDTA pH 7.8). DNA samples were stored at -20 degrees Celcius. DNA was measured on 
a nanodrop ND-1000 spectrophotometer. Samples exceeding 200 ng/ul were diluted in 
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sterile H2O to approximately lOOng/ul. DNA samples used for analysis had a 260:280 
ratio greater than 1.6, and contained a minimum of 25 ng/ul of DNA. 
3.5 Identification of isolates 
Representative samples (n = 16) (from different populations and relatively different from 
one another in growth rate and toxin production) were subjected to polymerase chain 
reaction (PCR) and restriction fragment length polymorphism (RFLP) for identification at 
the species level (D. septosporum versus D. pint) based on methods developed by Barnes 
et al. (2004). All samples were also run with species specific mating type primers 
developed by Groenewald et al. (2007) to identify to the species level (D. septosporum or 
D. pini) (see below). 
3.6 Population genetic analysis 
To measure genetic diversity, five microsatellite primers developed for use with 
Dothistroma species (Gangley and Bradshaw, 2001) were screened on 30 individuals to 
look for polymorphisms. Amplified Fragment Length Polymorphism (AFLP) was used 
on all individuals for population level analysis of genetic diversity and for random mating 
tests. All individuals were also amplified with mating type primers to confirm the 
presence of genetic diversity and to calculate the ratio of the two mating types. 
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3.6.1 Microsatellite analysis 
DNA was amplified with PCR using primers (Table 1) and methods developed by 
Gangley and Bradshaw (2001). Reaction volumes using anchored primers were 12 ul and 
reactions with the remaining primers were 16 ul. Reactions contained IX PCR buffer, 
1.5mM MgCi2, 200 uM dNTPs, 10 pmol of each non anchored primer, and 50 pmol of 
each anchored primer, 0.75 units of platinum Taq polymerase (Invitrogen Inc, 
Burlington, ON) and approximately 30 ng of DNA. All PCR reactions were run on a MJ 
DYAD DNA engine or a MJ PTC 100 thermal cycler (MJ Research Inc.). The following 
thermal cycler conditions were used for microsatellite primers: 1 cycle of 94° for 3 
minutes followed by 6 cycles of 93° for 30 seconds, 60° for 30 seconds, 72° for 30 
seconds, and 40 cycles of 93° for 30 seconds, 48°, 50° or 58° (depending on primer pair) 
for 30 seconds, 72° for 30 seconds and an extension step of 2 minutes at 72°. Annealing 
temperatures were reduced in some primer pairs in order to increase successful 
amplification. Specific annealing temperatures used for each of the primer pairs are 
shown in Table 1. PCR products were run on a 1.5% agarose gel to screen for successful 
amplification. 
Primers that amplified fragments of DNA in the BC populations were dye labelled and 
run through the above thermal cycler program. PCR products were poolplexed and 
electrophoresed through a 5 % polyacrylamide gel on a Beckman Coulter CEQ8000 
capillary sequencer. Microsatellite fragments were scored for size using the CEQ 8000 
Series Genetic Analysis System software (Version 10.0 Beckman Coulter Inc, 2002). 
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3.6.2 Amplified fragment length polymorphism 
Amplified fragment length polymorphism (AFLP) (Vos et al. 1995) was used on all 
samples to generate DNA fingerprints for genetic diversity estimates. AFLP methods 
were adapted from Alvarez and Wendel (2006). DNA (approximately 200 ng) was 
subjected to restriction reactions using 10 units of both Mse 1 and Eco Rl, 0.5X NE 
Buffer Eco Rl, 0.1 |ug BSA (New England BioLabs Ltd, Pickering ON) and ultra pure 
water to bring the total volume to 20 ul. Reactions were incubated for 3 hours at 37°C in 
a thermal cycler after which time 20 ul of a solution containing 75 pmoles of each 
adapter pair (Table 2), 2X ligase buffer, 1 unit of T4 DNA ligase (Invitrogen Inc, 
Burlington, ON) and ultra pure water was added to the reaction. Reactions were 
incubated in a thermal cycler overnight at 16°C, and then diluted 1:5 with ultra pure 
water. AFLP adapters were prepared by mixing equimolar amounts of each 
complimentary strand, heating to 95°C and allowing the strands to anneal by slowly 
cooling to room temperature in a Styrofoam box. 
Digestion/ligation products were amplified with PCR using pre amplification primers 
(Table 2). Total reaction volumes were 20 ul and contained IX PCR buffer, 1.5mM 
MgCl2, 200 uM dNTPs, 0.4 uM of each primer, and 2 units of recombinant Taq DNA 
polymerase (Invitrogen Inc, Burlington, ON). Reactions were run using the following 
thermal cycler conditions: 1 cycle of 72° for 2 minutes followed by 20 cycles of 94° for 
30 seconds, 56° for 60 seconds, and 72° for 1 minute, and a final extension step of 60°C 
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for 30 minutes. Pre-amplification products were then diluted 1:10 and used for selective 
amplification. 
Nineteen primer pairs were screened for selective amplification. Primers had one to three 
selective nucleotides on each of the pairs. D. septosporum individuals used for screening 
were chosen based on mating type to ensure that some level of genetic diversity was 
present (PCR screening conditions were the same as those for the primers used in the 
final study). Three primer pairs were chosen for selective amplification (Table 2) based 
on the presence of easily distinguishable polymorphic bands. 
Pre-amplification products were used as a template for selective amplification. Reaction 
volumes were 20 ul and contained IX PCR buffer, 1.5mM MgCl2, 300 uM dNTPs, 0.4 
uM of each primer (one of which was fluorescently labelled), and 1 unit of platinum Taq 
DNA polymerase (Invitrogen Inc, Burlington, ON). Thermal cycler conditions were as 
follows: 1 cycle of 94° for 3 minutes followed by 13 cycles of 94° for 30 seconds, 65° for 
30 seconds decreasing by 0.7° for each cycle, and 72° for 1 minute. The step down was 
followed by 27 cycles of 94° for 30 seconds, 56° for 30 seconds, and 72° for 1 minute, 
and a final extension step of 72°C for 10 minutes. 
To ensure reproducibility, 43 samples were run through the digestion and ligation 
procedures, and these products were then run twice through each amplification step. PCR 
products were stained with ethidium bromide, electrophoresed on a 1% agarose gel and 
viewed under UV light. Two samples of each individual were also used when screening 
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primer pairs and only those primer pairs that showed consistent banding patterns for both 
samples were chosen for the study. 
All individuals were run in duplicate through both the pre amplification and selective 
amplification procedures. Any individuals that were not repeatable were rerun through 
the AFLP procedure. PCR products from the selective amplification (including duplicate 
samples) were poolplexed for each primer pair and run on a Beckman Coulter CEQ8000 
capillary sequencer. Reaction volumes for the sequencer were 40 ul and contained 1 ul of 
PCR products labelled with the D3 dye, and 0.5 ul of each of the PCR products labelled 
with D2 and the D4 dyes (Integrated DNA Technologies, Toronto ON), 0.5 ul of a 600 
bp ladder, 0.5 ul of an extention ladder with size standards running from 600 to 1200 bp 
(BioVentures, Inc., Murfreesboro, TN), and formamide (Beckman Coulter Inc., 
Mississauga ON). 
AFLP data was analyzed with the CEQ 8000 Series Genetic Analysis System software 
(Version 10.0 Beckman Coulter Inc, 2002). All data was visually inspected and loci were 
chosen based on a good signal in replicates as well as throughout the data set (i.e. 
fragments with an inconsistent and weak signal between runs were removed). Fragments 
were scored based on a minimum peak intensity of 100, size > 80 nucleotides, and 
presence in both samples. 
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3.6.3 Mating type genes 
Amplification procedures for the mating types followed those developed by Groenewald 
et al. (2007). Multiplex PCR was used and total reaction volumes were 12.5 jn.1 containing 
IX PCR buffer, 1.0 mM MgCl2, 48 uM dNTPs, 4 pmoles of each primer, and 0.7 units of 
platinum Taq DNA polymerase (Invitrogen Inc, Burlington, ON). Thermal cycler 
conditions were as follows: 1 cycle of 94° for 5 minutes followed by 40 cycles of 94° for 
20 seconds, 65° for 20 seconds, 72° for 40 seconds followed by a final extension step of 
72°C for 7 minutes. Amplification products were viewed under UV on 1% agarose gel 
stained with ethidium bromide. Fragments were scored as either mating type 1 (820 bp) 
or mating type 2 (480 bp) (Groenewald et al. 2007). 
3.7 Dothistromin extraction and quantification 
Twenty-one individuals from two sites were chosen for dothistromin extraction based on 
visual assessments of toxin producing ability. Eleven individuals were chosen from a site 
in which the isolates appeared to produce toxin sooner, and ten individuals were chosen 
from a site in which the isolates appeared to produce toxin later to try to identify 
differences between "the most different" groups. The "early" producers were from a site 
in the ICH mcl biogeoclimatic zone (BB) and the "late" producers were from a site in the 
ICH mc2 biogeoclimatic zone (Mit). Approximately 10-20 mm3 of macerated mycelium 
(grown on DM plates) was inoculated into 500 ml flasks containing 50 mis LDM (2.5% 
malt extract, 2% nutrient broth) and incubated at room temperature (23° Celsius) with 
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shaking for 7 days (Bradshaw et al. 2000). Filtrates were harvested and sent to New 
Zealand for toxin quantification in Dr. Rosie Bradshaw's lab2. Toxin quantification was 
done using competitive ELISA following methods of Bradshaw et al. (2000) and Jones et 
al. (1993). 
3.8 Data and statistical analysis 
3.8.1 Growth rates 
For analysis, each of the three subzones was treated as an individual region, and each 
field site within the subzones were treated as an individual sampling location. Mean 
diameter for each colony was calculated from the two diameter measurements, diameter 
was then plotted against age to check the data for normality. Mean colony diameter was 
then regressed on age, and the slope of the line, B, was used as the growth rate for each 
individual. An Analysis of Variance was performed on the growth rates of the individuals 
first between sites and then with site nested within subzone, and again with site nested 
within either managed or unmanaged forests (a = 0.05). 
3.8.2 AFLP data 
Fragments generated through the AFLP procedure were treated as individual loci with 
two alleles, either present or absent. Data for each primer set was pooled for each 
2
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individual to create a data set for population genetic analysis. For analysis, the three 
subzones were treated as individual regions, and field sites within the subzones were 
treated as individual groups (or "populations" for certain statistical programs). 
For each population, the number of genotypes, the number and proportion of unique 
genotypes (occurring only once in the entire data set) and the number and proportion of 
polymorphic loci was calculated. Haplotypes were determined in Arlequin 3.1 (Excoffier 
et al, 2005). 
Two data sets were created, one which included all of the data, and one that was clone 
corrected in which genotypes that were represented more than once in a population were 
assumed to be clones and duplicates were removed leaving only one representative of 
each genotype in the population (Chen & McDonald 1996). Genotypic diversity was 
calculated on the whole data set, whereas genetic diversity calculations, population 
differentiation, and tests for random mating were done on the clone corrected as well as 
the whole data set (Milgroom 1996, Douhan et al. 2002), because duplicate genotypes 
may not have represented clones, but could have been shared genotypes for the loci used 
in the study. In addition, the reduction in sample size may reduce the power of rejecting 
the null hypothesis of random mating in clone corrected data sets (Milgroom 1996). 
Genotypic diversity was calculated using the program MultiLocus 1.3 (Agapow & Burt 
2001). Genotypic diversity is the probability that two individuals sampled at random have 
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different genotypes and equals 1 when every individual is different and 0 when every 
individual is the same. It is calculated as: 
(n/(n-l))(l-I>,2) 
i 
Where n is the number of individuals sampled andpt is the frequency of the rth genotype. 
Nei's genetic diversity (Nei 1987) was calculated as the average gene diversity over all 
loci for each population using the software Arlequin 3.1 (Excoffier et al. 2005). It is the 
probability of randomly drawing two different alleles at a locus, averaged over all loci. 
Dice similarity coefficients were calculated between all pairs of individuals using the 
program Windist (Yap & Nelson 1996) which calculates Ds as 2a/(2a + u) where a is the 
number of shared bands between two individuals (/ and j), and u is the number of 
positions not shared as defined by Sokal and Sneath (1963). A distance matrix between 
all individuals was produced by calculating a distance coefficient (1 - Ds). A 
phylogenetic tree was created based on the distance matrix using the unweighted pair-
group method, arithmetic mean (UPGMA) algorithm as implemented in the program 
Neighbor from the PHYLIP package (Felsenstein 2006). 
An analysis of molecular variance (AMOVA) was used to assess population structure 
using Arlequin 3.1 (Excoffier et al. 2005) which builds a distance matrix based on 
Euclidean squared distances and then partitions genetic variation to within populations, 
among populations within groups and among groups. Each site was treated as a 
population and populations were grouped into biogeoclimatic subzones, and a separate 
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analysis was done in which populations were grouped into managed plantations or 
unmanaged forests. To assess genetic diversity for isolates from within a tree, an 
AMOVA was done using trees as individual populations and two sites (Mit and Nan) as 
individual groups. FST3 values (Wright 1951) were produced for pairwise population 
comparisons to determine the degree of differentiation between all populations. 
Allele frequencies were calculated on clone corrected data for each population using 
Arlequin 3.1 (Excoffier et al. 2005). To determine if shared haplotypes were clones, the 
expected frequency of each shared haplotype was calculated for the group of 12 
undifferentiated sites (differentiated sites based on Fst values were excluded from this 
analysis). Expected haplotype frequency was calculated by multiplying the allele 
frequencies for that haplotype (using clone corrected data and allele frequency data from 
the group of 12 sites). The expected frequency of each haplotype was compared to the 
observed number of each to determine the likelihood that these individuals were clones or 
shared genotypes. 
Nei's genetic distance (Nei 1972) was calculated between all populations using the 
program POPGENE (PC version 1.31 Molecular Biotechnology Centre, University of 
Alberta, Canada) as another measure of population differentiation, and a phylogenetic 
tree was generated using the Neighbour Joining method in the PHYLIP package 
(Felsenstein 2006) to visualize the relationships between sites. A Mantel test was done 
using geographic distance and Nei's genetic distance in GenAlEx 6 (Peakall & Smouse 
3
 FST refers to the genetic diversity measured between possible sub populations and is part of Wright's F 
statistics which measure the partitioning of genetic diversity in populations (Beebee & Rowe 2004). 
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2006) to determine if there was a correlation between genetic and geographic distance 
and to determine if geographically distant sites were genetically isolated. 
Random mating was tested using three of the methods implemented by Douhan et al. 
(2002). Mating type segregation was tested using x2 with an expected ratio of 1:1 (a = 
0.05). Significant deviations from 1:1 are used to reject the null hypothesis of random 
mating (Milgroom 1996). Second, AFLP data was used to calculate the index of 
association IA which is a measure of multilocus disequilibrium (Brown et al. 1980, 
Milgroom 1996, Agapow & Burt 2001). IA was calculated using the program MultiLocus 
1.2 (Department of Biology, Imperial College at Silwood Park, UK), and is a measure of 
the association between loci. The distance between all pairs of individuals is calculated as 
the number of loci that are different, and the variance of the observed distances is 
compared to the expected distances where there is no linkage disequilibrium. IA is 0 when 
there is no linkage disequilibrium. IA from the observed data was compared to 
randomized data (500 times) to assess significant deviations from gametic equilibrium 
expected with random mating (a = 0.05). The third test used was the parsimony tree 
length permutation test (PTLPT) which compares the length of the observed tree to trees 
produced with randomized data (500 times). In this test, the assumption is that 
phylogenetic tree branches will be considerably shorter in an asexually reproducing 
population, whereas branch lengths will be longer in sexually reproducing populations 
because different loci reflect different patterns of decent (Burt et al. 1996, Milgroom 
1996). Datasets for this test were created with MultiLocus 1.2 (Department of Biology, 
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Imperial College at Silwood Park, UK) for use in PAUP (4.0b 10 for Macintosh, Swofford 
1998). 
A fourth approach was used to look at the relatedness of individuals on three sites. Three 
sites (BB, EP and Sun) that adhered to the 30m x 30m sampling grid and had a large 
sample size were randomly selected. 2D Local Spatial Analysis was used to determine if 
individuals were genetically correlated with their two nearest neighbors. The analysis was 
then repeated using the three nearest neighbors. It was expected that in a situation where 
clonal reproduction was dominant, isolates taken from trees situated geographically 
closer to one another would be more genetically similar to one another. This analysis was 
implemented in GenAlEx 6 (Peakall & Smouse 2006) using the full data set. Correlation 
coefficients (r) and probabilities were compared and the highest r-values tabulated for 
each site. The three sites were then combined in a Multiple Dclass analysis in GenAlEx 6 
(Peakall & Smouse 2006) again using the full data set. Six runs were conducted with 
distance increasing by 30 meter increments in each run. Correlation coefficients were 
then graphed against distance classes. 
3.8.3 Dothistromin extraction and quantification 
Toxin production was expressed as micrograms of toxin per millilitre of filtrate and as 
micrograms of toxin per milligram mycelium. Mean toxin production was calculated for 
each site and an analysis of variance (ANOVA) was used to determine if there was a 
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difference between the amount of toxin produced by isolates from the two different sites 
(a = 0.05) and to what extent toxin production differed between the two sites. 
For qualitative assessments of toxin production, the percent of isolates reaching each of 
the three levels of toxin production was calculated, graphed and visually compared for 
differences in toxin producing abilities between sites. 
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4.0 Results 
4.1 Culture collections and isolations 
The symptoms in sampled stands ranged from low to high severity based on visual 
observations. In a few plantations the majority of the trees were infected only in the lower 
foliage or not at all, and very few trees were severely infected, where only mid and upper 
foliage showed symptoms. The majority of plantations had more severe symptoms 
including some mortality. Severe symptoms included defoliation of all the lower 
branches, partial defoliation of middle branches and infection on all the remaining 
foliage. The natural stands sampled all showed high levels of infection for the majority of 
the trees, with some mortality. A few trees in these stands showed some possible 
resistance (low level of infection despite high levels of infection in adjacent trees). Based 
on visual assessments, there were fewer infected plantations in the SBS mc2 
biogeoclimatic zone and upon closer observation, few to no trees showed symptoms of D. 
septosporum. In the ICH mcl and ICH mc2, it appeared that the majority of plantations 
were suffering some level of infection by Dothistroma septosporum. Plantations under 10 
years old appeared much healthier based on visual assessments and attempts to find 
symptoms of the pathogen. The plantations sampled averaged in age from about 15 to 
about 30 years old. The natural stands sampled ranged from 15 years to 50 years old. 
Figure 1 is a map of the distribution of the final 19 sites used in the study, and Table 3 
contains the site names, sample sizes and locations. 
Dothistroma septosporum tissue was isolated from 252 needle samples. Successful 
isolations came from primary needles, whereas secondary needles had often been 
inhabited by saprotrophic fungi. Fruiting bodies had to be mature as no isolation attempts 
from symptomatic needles without fully emerged stromata were successful. Isolation 
attempts from needles collected in late spring and early summer were very successful 
(masses of conidia were produced on almost every fruiting body) versus attempts from 
mid summer through to fall (fruiting bodies did not produce large amounts of conidia, 
sometimes none at all). 
Growth rates were obtained for 196 isolates, and DNA was successfully amplified for 
192 isolates (not all of which were measured for growth rates - some individuals used for 
growth rates lost prematurely due to contamination, and DNA extraction failed in some 
individuals). Some sites were dropped as DNA was not successfully obtained from 
sufficient samples for analysis (< 5 samples). 
4.2 Growth rates 
Growth rates of the isolates ranged from 0.2 to 0.8 mm/day, and the average site growth 
rate ranged from 0.4 mm/day (± 0.07) in Buc to 0.6 mm/day (± 0.06) in Jon (data not 
shown). Overall growth rate was variable, even in replicates from the same individual. 
The overall average growth rate of the sites within the ICH mc2 subzone was lower than 
in the ICH mc 1 and SBS mc2 but the difference was not significant. In one rep 
(randomly chosen during the culturing process where two samples were taken from one 
39 
individual and treated as replicates) the analysis of variance for growth rates showed a 
small but significant difference for site nested within subzone (p = 0.006), but the 
difference was not significant for the other rep again suggesting that growth rate is quite 
variable (Table 4). 
4.3 Identification 
All isolates from all sites except one showed morphology consistent with that expected 
for Dothistroma species and produced the characteristic red toxin. Isolates from one site 
did not produce toxin and produced black hyphae instead of white or pinkish hyphae. 
Isolates from this site were dropped from further analysis as their identity as a 
Dothistroma spp. was not fully resolved using genetic analysis. All other isolates ranged 
in colour from red to a very dark red or black. All isolates produced hyphae that ranged 
from white to light pink in colour. Morphology varied among isolates as well as observed 
growth rate and toxin production. 
All isolates subjected to restriction fragment length polymorphism and tested with the 
mating type primers showed allele sizes consistent with those identified as Dothistroma 
septosporum. No isolates of Dothistroma pini were found in the culture collections. 
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4.4 Microsatellite primers 
Results for the microsatellites are presented in Table 5. Three of the five microsatellite 
primers amplified the previously reported alleles (Ganley & Bradshaw 2001), Tubl (135 
base pairs), DBC2 (157 base pairs), and MB5 (null). The tested isolates were 
monomorphic for these alleles. One locus (MB8) had two possible alleles (158 base pairs, 
and a null allele) where only a null allele was expected based on the previous Canadian 
isolate screened. Amplification was not that successful - peak intensity was very low, 
and amplification only occurred in eight of 28 isolates screened - suggesting that this may 
be due to non specific primer binding. The fragments only amplified when the annealing 
temperature was reduced. The fifth locus, MB1 had a possible allele at 241 base pairs as 
well as a possible null allele, however no fragments were found at 138 base pairs, which 
was the size of the Canadian isolate screened by Ganley and Bradshaw (2001), 
suggesting either a new allele or non specific amplification. Again amplification was not 
very successful as peak intensity was very low and amplification only occurred with 
reduced annealing temperature suggesting some possible non specific primer binding. 
4.5 AFLPs 
For the three primer pairs, a total of 46 fragments were scored, of which 41% (19) were 
polymorphic and used for data analysis. For the primer pair E-A and M-CAA, there were 
16 fragments, of which 7 were polymorphic, for the pair E-A and M-CTG there were 8 
fragments, of which 3 were polymorphic, and for the pair M-A and E-ACG, there were 
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22 fragments, of which 9 were polymorphic. Some fragments were removed prior to 
analysis as they were inconsistent between replicates and runs, suggesting that the results 
obtained from these fragments would be unreliable. The 19 polymorphic markers were 
found to be sufficient for population genetic analysis based on the plot of genetic 
diversity versus the number of loci (analysis performed in Multilocus) which showed that 
15 markers accounted for 99% the observed variation (data not shown). 
Using the AFLP markers, a total of 135 haplotypes were found (individuals differing by 
one or more loci), with 101 of those appearing only once in the entire collection of 
isolates. The remaining 34 haplotypes were found two or more times throughout the sites 
(Table 6). The shared haplotypes were found throughout the sites with no general pattern 
such as within a site, or within sites of close proximity. MN had the highest number of 
unique haplotypes (10) and shared only 1 haplotype with an isolate in NY (Table 6). Jon 
was the only site that shared no haplotypes with any other sites, and one haplotype was 
found twice and another three times within the site. Table 7 shows the expected and 
observed frequencies of the shared haplotypes. The shared haplotypes are found more 
frequently than expected in this data set, and the more common haplotypes are not the 
ones expected more frequently. For instance the most common haplotype (found six 
times) is expected only once among 2500 individuals for a population assuming 
equilibrium, neutrality, and recombination. The haplotype expected most frequently (six 
times in 1000) was observed three times in the data set (total dataset =192 individuals). 
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Calculations of linkage disequilibrium using rbarD (calculated in Multilocus) on all pairs 
of loci in the clone corrected data set showed no two loci significantly linked (data not 
shown). Exact tests done on each population using the clone corrected data set (done in 
Arlequin 3.1) showed two pairs of loci linked in over half of the sites, suggesting that 
linkage disequilibrium is occurring in some sites, possibly due to the effects of clonal 
reproduction. Since the linkage was not found throughout the data set, the loci were not 
removed prior to analysis so as not to underestimate the effects of clonal reproduction 
(data not shown). 
The phylogenetic tree (based on dice similarities) representing all individuals in the data 
set showed a scattered distribution where individuals from most sites were all found 
intermingled with no apparent pattern (data not shown). Bootstrap values ranged from 
0.00 to 0.85. Only a few sites showed any sort of clustering, Jon, Sq, and MN, which 
were all from the SBS mc2 subzone. Sun individuals appeared to be interspersed in only 
half of the phylogenetic tree whereas all other were found throughout. 
4.5.1 Genetic diversity 
Population statistics are presented in Table 8. Sq had the highest proportion of 
polymorphic loci (0.895), whereas Mos had the lowest (0.421). MN had the highest 
proportion of unique genotypes (0.909), whereas Mos and BI had the lowest (0.333). 
Genotypic diversity was high on all sites ranging from 0.889 (Jon) to 1.000 on several 
sites. Nei's gene diversity ranged from 0.189 at Sun to 0.375 at MN. 
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4.5.2 Population structure 
Results from the AMOVA show that 86% of the total variation is found between 
individuals within sites (p < 0.001) and 10% of the total variation is found between the 
sites (p < 0.001) with the remaining 5% of the variation occurring between 
biogeoclimatic zones (p = 0.005) (Table 9). When the sites were divided between 
unmanaged sites and plantations, the variation between stand types was not significant 
(variance = 0.75%, p = 0.261) (Table 10). Differences were not significant between 
individuals within trees or between trees in a site for the two sites (Mit and Nan) where 
more than one isolate was obtained per tree (Table 11). Analysis was limited to two 
isolates per tree and one tree with three isolates due to the extent of defoliation as well as 
to limited success with isolations. For Mit, there was a total of 14 isolates, one of which 
was found three times. Of the four trees with multiple isolates, only one tree was found 
with two of the same haplotypes. For Nan, there were a total of 13 haplotypes of which 
three were found twice. Each of the four trees with two isolates in this site was infected 
with two different haplotypes of the pathogen. 
Fst values obtained in the pairwise comparisons (Table 12) showed that the Sun site in 
the ICH mc2 was significantly different than all other sites (Fst values ranging from 
0.140 to 0.532). Jon (SBS mc2) was significantly different than all other sites except for 
the Sq site (Fst values ranging from 0.286 to 0.532, and 0.111 between Jon and Sq). The 
Sq site was significantly different from all other sites except Jon, Nkr (Fst = 0.111 & 
0.113) and SD (Fst = 0.098) (all other Fst values ranging from 0.153 to 0.436). NY and 
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Or were significantly different from about half of the sites, MN and Mos were 
significantly different from BB, and Mos was different from Kin. The remaining 12 sites 
were not significantly different from each other (Fst values shown in Table 12). These 12 
sites were grouped together for the three random mating tests. The remaining seven sites 
were analysed individually as Fst values suggested they were significantly different from 
one or more of the 12 sites. Figure 2 shows the phylogenetic tree based on Nei's genetic 
distances which shows the same relationships as the Fst data. The mantel test results 
(Figure 3) show no significant correlation between geographic distance and Nei's genetic 
distance (R2 = 0.032, p - 0.150). 
Table 13 shows the allele frequencies in the 19 sites. There are four rare alleles (found in 
less than five populations or fixed over 15 populations), two of which are shared by only 
the Jon site and the Sq site. Although they are geographically separated, they are both 
located within the SBS mc2 biogeoclimatic zone. The other two rare alleles are shared by 
the Jon site, the MN site, the NY site and the Sun site. These sites are not geographically 
close or within the same zones or valleys. One of the rare alleles is found in all sites, but 
is fixed in all sites except for Jon and Sq, in which it is found in low frequency. No 
patterns are present for allele frequencies and the geographic distribution of the sites. 
4.6 Tests for random mating 
Table 14 shows the results from the mating type distributions. Both mating types were 
found in all sites. Overall, there was a ratio of mating type 1 to mating type 2 of 105:85 
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which was not significantly different from a 1:1 segregation (x2- 1.056, p = 0.355). None 
of the sites showed a segregation of mating types that was significantly different from 
1:1. The subset of 12 sites had a ratio of 55:56 for the two mating types (p > 0.999). 
Table 15 shows the Index of Association for each of the sites as well as for the data set as 
a whole. Using the uncorrected and clone corrected data set, gametic disequilibrium was 
significant (IA = 0.994, p = 0.002 for uncorrected, and IA = 0.874, p = 0.002 for clone 
corrected data). Using the uncorrected data, three sites (Nkr, Or, and Sun) had low IA 
values (p > 0.05) suggesting that random mating cannot be rejected for these sites. Using 
the clone corrected data, four sites had low IA values (the same three previously 
mentioned as well as Kin). IA values for the 12 sites grouped showed a significant amount 
of linkage disequilibrium for both the uncorrected and clone corrected data set (IA = 
0.941, p < 0.002, IACC= 0.874, p < 0.002). 
The parsimony tree length permutation test (PTLPT) showed a clonal structure for all but 
five sites in the full data set, Ksc, Nkr, Or, Sun, and Tea (Table 16). In the clone 
corrected data set seven sites showed random mating; all the previously mentioned as 
well as BI, and Kin. For all other sites, the phylogenetic tree produced 
by the data was significantly shorter than trees produced by randomizing the data. This 
was also true for the data set as a whole, as well as for the subset of 12 similar sites. 
Table 17 shows the results for the 2D Local Spatial Analysis performed on three of the 
sites. Sun and BB show no significant correlations with their two nearest Neighbors, 
46 
while EP showed two trees significantly correlated with their nearest Neighbors. When 
looking at the three nearest Neighbors, one tree in EP, and one tree in Sun showed a 
significant correlation with Neighbors. Figure 4 shows the results for the combined sites 
in the Multiple Dclass analysis. The correlation is highest with the shortest distances and 
decreases as the distance increases, but overall the correlation is low and not significant 
for any of the size classes. 
4.7 Toxin production 
Based on visual assessments, toxin production in culture was variable ranging from only 
small visible amounts of toxin leaching into the agar to individuals who produced enough 
toxin to discolour the entire petri plate. Both the timing of initial onset of production as 
well as how much toxin was produced. More individuals reached a high level (3) of toxin 
production in the Nan and SD sites, while individuals in the Buc, Kin, Nkr and Tea sites 
only reached a low (1) to moderate level (2) of toxin production (Figure 5). Many 
individuals in BB started to produce toxin in culture within the first week, whereas 
individuals in the Mit site, did not start to produce toxin until about four weeks old (data 
not shown). Figure 6 shows four isolates from three different sites. Two of the isolates 
are from Sq (unmanaged and remotely located), one is from Nan and the other from Mit 
(both managed and centrally located). Based on qualitative assessments, the isolates 
from Sq have a much faster initial rate of toxin production, while the other two isolates 
appear to produce toxin at a slower rate. 
Results showing toxin production using the competitive ELISA assay are shown in Table 
18. There was no difference in the amount of toxin produced between the two sites, BB 
and Mit. Overall, toxin production was low, no isolates produced large amounts of toxin 
after seven days growth (Table 18). 
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5.0 Discussion 
5.1 Genetic structure 
Genetic diversity of Dothistroma septosporum in northwest British Columbia suggests 
the existence of one large undifferentiated population encompassing 12 of the 19 host 
stands with sexual recombination and high gene flow. The lack of genetic difference 
between these sites was found in the pairwise Fst values, and the phylogenetic analysis. 
Seven of the 19 sites maintained some level of genetic distinction from the main group 
based on Fst values. The Sun site, located in the Kispiox Valley (ICH mc2) stands out as 
being significantly different from all other sites, while Jon and Sq (both SBS mc2) are 
more closely related to each other, but significantly different from all others. A few other 
sites, MN, Mos, NY and Or, are closely related to some sites, while significantly different 
than others. The allele frequency data also shows this pattern. One rare allele was shared 
only by Sq and Jon, whereas two others were shared between Jon, MN, NY and Sun. 
The overall AMOVA results show that 86% (p < 0.001) of the variation exists within the 
sites, 10% (p < 0.001) exists between sites, and 5% (p = 0.004) exists between 
biogeoclimatic zones. The high variation within sites is also reflected in the genotypic 
diversity values which ranged from 0.889 to 1.000 (where 1 indicates every individual is 
different). In the two sites where more than one sample was taken per tree (Mit and Nan), 
only one haplotype was found twice on one tree. For all other trees, each of the 
individuals isolated from the same tree were genetically distinct from one another. This 
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lack of clonal structure was found at both the intra- and inter-population scale as well. 
The overall high genotypic variation and the lack of shared haplotypes or clones is likely 
due to several factors including the difference in the dispersal abilities of the two spore 
types, high gene flow, some contribution of the sexual cycle, and the sampling scheme 
itself. 
A few shared haplotypes were found within a couple of sites and between a couple sites, 
but no predominating haplotypes or clones were found. These isolates could be clones as 
they are found more often than expected given the observed allele frequencies. In 
addition, the haplotypes expected more frequently are not necessarily the ones observed 
most frequently. Evidence to date suggests that dispersal of the conidia is limited 
(Peterson 1973), however it has been suggested that some long distance dispersal of the 
conidia may occur in fog belts (Gibson 1972). The wide spatial distribution of what 
appears to be clones in the current study supports this hypothesis. 
Overall gene diversity (Nei's gene diversity) ranged from 0.189 to 0.375. The Sq and MN 
sites had the highest gene diversity (0.360 and 0.375), and Sun and Or had lower gene 
diversity values (0.189 & 0.190). Several factors may be causing this range of values. 
Lower gene diversity may be an artefact of founder populations - where a population is 
initiated by a small number of individuals with a subset of the originating populations 
gene pool (Russel 2002), populations that undergo genetic bottlenecks - where a 
population is substantially reduced in size and some genes are lost by chance (Russel 
2002), or more isolated populations with smaller effective population sizes, low gene 
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flow, and increased genetic drift, whereas higher gene diversity may be present in 
populations with a higher effective population size, more gene flow, and in older 
populations (McDonald 2004). Most of the gene diversity values found in this study are 
within the range of other ascomycetous fungal pathogens with similar life cycles and 
using similar markers. Using AFLPs, Douhan et al. (2002) found gene diversity values 
ranging from 0.391 to 0.426 in Tapesia yallundae, and using RAPDs, Feau et al. (2005) 
found an average gene diversity of 0.289 in Mycosphaerella populorum. Recurring 
genetic bottlenecks can reduce diversity in plant pathosystems when environmental 
conditions change to limit infection or kill the pathogen (McDonald 2004). In northwest 
BC, it has been shown that a decrease in spring precipitation and August minimum 
temperatures are accompanied by a decrease in D. septosporum outbreak periods (Welsh 
2007). Population bottlenecks and random drift are also thought to cause lower genetic 
diversity and/or fixed alleles in other plant pathogen populations (for example Borchardt 
et al. 1998, Hamelin et al. 2000, Zhan et al. 2003). Founder effects have also been 
hypothesized as a factor in lower genetic diversity, for example in small isolated 
populations of Phaeocryptopus gaeumannii (Winton et al. 2006). This scenario as 
discussed later is also thought to occur in some sites in the current study. 
The small amount of differentiation (10% of variation partitioned to among sites within 
subzones and 5% among subzones) shown in the AMOVA suggests some divergence 
between the different subzones however the pairwise Fst values show that the divergence 
is only occurring in some sites. Higher Fst values between sites are not related to the 
subzones that the sites are located in suggesting that differences are not due to selection 
51 
posed by different environmental conditions within each zone. If divergence was due to 
selection, there would likely be a few predominating clones in the divergent sites as less 
successful individuals would be selected against. In addition there would likely be a 
pattern to the Fst values where all the sites in a subzone would be more related to one 
another, and less related to those in other subzones. The lack of a geographic pattern to 
the Fst values suggests that differences are not due to geographic relationships between 
sites either. The sites within the SBS mc2 zone all show some level of difference but 
there are no consistent patterns. They are not more closely related to each other and 
divergent from sites in other subzones. In some cases sites within the same subzone and 
in close proximity are significantly different from each other but are similar to other sites 
within other subzones. 
The most plausible explanation for the significant difference between subzones is that 
there were a few sites located within each of the different subzones that previously 
maintained endemic pathogen levels and were somewhat isolated with little gene flow 
occurring between them. The more similar sites likely share common source populations 
possibly arising as conditions became suitable and host more available. The group of 12 
sites that are undifferentiated from one another are made up of sites within both the ICH 
mcl and ICH mc2 subzones. Sq, Jon, MN, Mos, and NY (all of which maintain some 
level of genetic differentiation) all represent natural host stands. Although Sun (the most 
genetically differentiated) is a plantation, it was located directly next to a natural pine 
stand; this pathogen population likely predated the other sites and encompassed the 
natural stand and the plantation rather than originating from the same source and at the 
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same time as many of the other populations nearby. The high Fst values and fixed alleles 
suggest it is a founder population and the distribution of rare alleles suggest it shares a 
relationship with other populations from natural stands (see below). These natural stands 
could all have hosted endemic levels of the pathogen for a long period of time. The 
introduction of new host stands in managed forests, could have allowed for more gene 
flow amongst a few pathogen populations and expansion. 
The allele frequency data also supports this hypothesis. One rare allele was shared 
between only two sites from the SBS mc2 subzone which were from natural stands, and 
two other rare alleles were shared between two sites in the SBS mc2 subzone (natural 
stands) as well as two sites in the ICH mc2 subzone, one of which was a natural stand, 
and the other was from Sun (plantation located next to a natural pine stand). It is possible 
that by chance the small sample size happened to produce this pattern. However 
producing a pattern just by chance in a random sampling of alleles is unlikely. The 
increased differentiation and distribution of rare alleles could suggest that these sites have 
existed longer than many of the other sites. If these were recently founded populations, 
some of the rare alleles should be also be found in the central sites, there should not be a 
distinct relationship shared only between the sites located in natural stands. 
More infected natural stands and fewer infected plantations were found in the SBS mc2 
subzone versus the other two subzones. This could suggest that the pathogen is endemic 
in natural stands in this subzone, which supports the previous hypothesis that natural 
stands are host to longer lived endemic pathogen populations This could also suggest that 
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the pathogen is naturally more common in the SBS mc2 subzone. Biologically, this is 
likely because lodgepole pine is naturally found in much higher frequency in this 
subzone. Studies done by Welsh (2007) who looked at historical outbreaks of the 
pathogen using tree ring records also suggest that Dothistroma septosporum is a more 
natural component of the SBS mc2 subzone. More frequent but less intense outbreaks 
were found throughout time in this subzone compared to the two ICH subzones (Welsh 
2007). The highest gene diversity values were found in two of the sites located in the 
SBS mc2 subzone in natural stands, which could also suggest that these are older 
populations that maintain endemic levels rather than ephemeral populations. 
It is hypothesized that the Sun site was part of a founder population also inhabiting the 
adjacent natural pine stand and that it arose before several of the other populations that 
originated during the current epidemic which could cause the large differences seen in 
this population (high Fst, fixed and rare alleles). There are two rare alleles shared 
between this site and two sites from natural stands in the SBS mc2 zone (MN and Jon), 
and one site from a natural stand in the ICH mc2 (NY) suggesting some relationship 
between these sites. The lack of obvious geographic relationships between these sites and 
the fact that these sites are all from (or associated with) natural mature pine stands 
suggests that this relationship could be due to connections that pre-dated the current 
outbreak. The most parsimonious explanation for these results is that the Sun site was a 
founder population originating from one of these distant sites but has since remained 
relatively isolated from them possibly due to geographic barriers and a prior lack of 
connected host populations. This site is missing three alleles present in all of the other 
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sites and it has the lowest gene diversity. This could be from either genetic drift due to a 
small founding population or the founding individuals may not have possessed these 
alleles. This population may have also suffered bottleneck events in the past if it was 
isolated enough from the other sites before the current epidemic, and if weather 
conditions were unfavourable for the pathogen. A combination of low gene flow and 
genetic drift may have contributed to this particular population diverging more than the 
other populations. This difference could still be upheld during the current epidemic by 
low gene flow which could be due to unseen barriers such as local wind patterns or 
proximity to a main water route shared by the other sites. 
The low level of differentiation found between the majority of the sites as well as the lack 
of differentiation in the microsatellite loci tested suggest that many of these sub-
populations of D. septosporum may not have persisted in the area for as long as the pine 
forests have. For three of the microsatellite alleles, all of the individuals screened possess 
the same sized fragment as the Canadian isolate screened in the Ganley and Bradshaw 
study (2001) and are fixed for that allele. Only two show any possible diversity. A higher 
level of diversity in these loci would be expected if these sub-populations had persisted 
through a long evolutionary timeframe. Many of these sub-populations likely arose due 
to conducive climate (Woods et al. 2005) as well as an abundance of host that in effect 
created a bridge between smaller isolated populations of the pathogen. With conducive 
climate, favourable conditions for infection - water and humidity (Peterson 1973, Gadgil 
1977, Bradshaw 2004), and the ability to disperse over long distances, the increase in 
abundance of host could have led to an expansion of the population of D. septosporum to 
include all host stands within the center of the epidemic. 
The lack of genetic differentiation in 12 of the sites suggests a high level of gene flow 
over much of the northwest region. At the scale of this study, with sites located at least 
seven kilometers apart with a maximum distance of 230 kilometers, no correlation was 
found between geographic distance and genetic distance suggesting that this pathogen is 
capable of dispersal over large distances and that gene flow occurs over large distances. 
Some of the most genetically similar sites are located over 200 kilometres from one 
another. Although not found overall, a few of the sites may have been diverging due to 
geographic isolation such as the Jon site. Jon was genetically different from most other 
sites however it shared some similarities with the Sq site which was located a lot further 
away than the site nearest to Jon. Feau et al. (2005) showed some inter population 
divergence consistent with a significant correlation between genetic distance and 
geographic distance in Mycosphaerella populorum, but their sampling scale ranged from 
0.7 kilometres to 1383.77 kilometres. Increasing the sampling scale of the current study 
to include sites located in other regions of British Columbia may have shown a 
significant correlation between genetic distance and geographic distance and may have 
also revealed limitations to migration in D. septosporum. 
Dothistroma septosporum is thought to reproduce primarily via asexual conidia (Cobb et 
al. 1969, Karadzic 1989) which are splash dispersed (Hulbary 1941, Rogerson 1951, 
Peterson 1967, Gibson 1972) and have a limited dispersal range (Peterson 1973). There is 
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some speculation that long distance dispersal of the conidia may occur in fog belts, but 
this is thought to be limited (Gibson 1972). The ascospores are thought to be wind or mist 
dispersed with a potential for long distance dispersal (Gibson 1974, Bradshaw 2004). 
These dispersal characteristics would produce a genetic pattern where clones are found in 
small clusters versus over a wide geographic range when asexual spores are capable of 
long distance dispersal (McDonald & Linde 2002). Long distance dispersal of the 
ascospores produces more overall variation within populations. For instance, Douhan et 
al. (2002) found fewer clonal genotypes when a larger sampling scale was used, but 
lower genotypic diversity and more clonal genotypes when a finer scale sampling scheme 
was used in the wheat pathogen Tapesia yallundae, which was expected because the 
asexual spores are splash dispersed. The low number of shared haplotypes or clones, the 
high genotypic diversity and within population diversity, as well as the low levels of 
population divergence in this study are suggestive of long range dispersal of the sexually 
produced ascospores. High levels of within population diversity and multiple haplotypes 
within hosts are also found in other ascomycetous pathogens whose asexual conidia are 
splash dispersed and ascospores wind dispersed. Feau et al. (2005) found that over 90% 
of the genetic diversity was found within individuals sampled from within the same tree 
in the Populus deltoides pathogen, Mycosphaerella populorum (Septoria musiva). Zhan 
et al. (2003) found that 80% of the genetic diversity was located within field populations 
of the wheat pathogen, Mycosphaerella graminicola. In contrast, genetic differentiation 
was found in populations of the birch endophyte, Gnomonia setacea, which were 
separated by only 20 km (Lappalainen & Yli-Mattila 1999). The ascospores in this 
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species are thought to be rain dispersed, and dispersal is thought to occur on a limited 
scale (Lappalainen & Yli-Mattila 1999). 
As discussed, the dispersal capabilities of the spore types can have large effects on 
population structure. Even though Dothistroma septosporum reproduces primarily by 
means of the conidia, efficient dispersal of the ascospores, even if produced over a short 
period, could potentially have much larger impacts on population structure. Previous 
work with other organisms has shown that only small amounts of sexual recombination 
are required to have a large impact on population structure (Burt et al. 1996, Milgroom 
1996). If D. septosporum ascospores are dispersed over large areas, relatively short 
periods of sexual reproduction could produce the population structure observed in this 
study. 
The lack of correlation between genetic distance and the nearest sampling points within 
sites shown in the local spatial analyses (both the 2 Dimensional local spatial analysis and 
the multiple Dclass analysis) of this study also suggests that the influence from clonal 
reproduction is limited to a small scale while the influence from sexual reproduction and 
dispersal of the ascospores has a larger influence on population structure at a stand level. 
More clones would be expected in adjacent sampling points if conidia were being 
dispersed that far. Therefore a positive correlation between sampling points and genetic 
distance within a stand would be expected if the asexual conidia were being dispersed on 
a wider scale. This is similar to findings by Parrent et al. (2004) who also attribute a lack 
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of local spatial structure to dispersal through basidiospores in the fungus Datronia 
caperata. 
This study examined the genetic structure over one large region at an "intermediate" 
sampling scale. At the beginning of the current study, the existence of sexual 
reproduction, and possible impacts on genetic structure were unknown. In addition it was 
unknown if there was any gene flow or at what scale it occurred. Therefore an 
"intermediate" sampling scheme was chosen to address the population structure at a 
regional level. Since the initiation of this study, the disease has been increasing in 
severity in the interior of the province of BC (Lewis, personal communication). Future 
studies could include other regions of BC and elsewhere to determine if gene flow occurs 
between regions, and to determine the limitations to migration of this pathogen. More 
intensive fine scale sampling could also be done to test the hypothesis of a clustered 
clonal structure within trees and possible adjoining trees. 
Another limitation in this study is the small sample sizes which can inflate measures of 
genetic differentiation (Hamelin 2006). Some of these sites may not be as different from 
one another as the current data suggests, but the distribution of rare alleles supports the 
findings from the AMOVA. In addition, even though they may not be that different from 
one another, Fst values, gene diversity and allele patterns do suggest that some sites 
probably do not experience as much gene flow as others. Increasing the sample size in 
future studies would enable further clarification of the patterns between some of the 
natural stands as well as confirm genetic divergence in some of the sites. 
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5.2 Reproductive mode 
Studies of reproductive mode are important in pathogens and forest management 
specifically because they can give insight into a pathogen's ability to adapt as well as 
support hypotheses on primary methods of dispersal (Hamelin 2006). Both of these 
characteristics can affect management of current disease outbreaks, and the development 
of strategies to avoid new outbreaks. Current methods of control in New Zealand are 
based on an asexually reproducing population and may not be effective in a sexually 
reproducing one. Therefore, it is important to know if sexual reproduction is occurring in 
BC. Previous studies have shown that the teleomorph is present in BC (Funk & Parker 
1966) suggesting the potential for sexual reproduction. The question is how much is 
sexual reproduction influencing population structure? It is known that this pathogen 
reproduces clonally, but it is unknown if genetic structure is primarily influenced by 
asexual reproduction. 
In Dothistroma septosporum, both mating types are required for the fungus to undergo 
the sexual portion of the life cycle (Groenewald et al. 2007). The lack of genetic variation 
(Hirst et al. 1999) and the presence of only one mating type (Groenewald et al. 2007) 
suggest that the fungus does not reproduce sexually in New Zealand. The lack of genetic 
variation in New Zealand where the fungus has been established since the early 1960's 
(Gibson 1972) also suggests that other mechanisms, such as parasexualism and mutation, 
do not generate much diversity in this pathogen. This supports the evidence in this study 
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that sexual recombination is the primary creator of genetic diversity in the studied 
populations. 
Mutation can be an important source of genetic variation. Clones may be variable 
especially in evolutionarily older lineages or in instances where the mutation rate is very 
high (Kohn 1995). In the current study, the lack of predominating haplotypes and the 
high levels of genetic and genotypic diversity suggest recombination rather than mutation 
as the primary source of variation. In addition ascocarps and both mating types 
(Groenewald et al. 2007) have been found within populations in northwest BC. 
Haplotypes differing by only a single fragment in this study could possibly be cones with 
a mutational difference. However that would imply a relatively high mutation rate which 
has not been previously observed in the New Zealand study of genetic diversity in D. 
septosporum (Hirst et al. 1999). Increasing the stringency for calling individuals unique 
haplotypes may help to avoid inadvertently overestimating the genetic diversity in the 
present study. 
Taylor et al. (1999) define reproduction by clonality as "the production of progeny 
genomes that are identical to the parental genome and reproduction by recombination as 
the production of progeny genomes that are mixture of genetically different parental 
genomes". In a strictly asexually reproducing population, it would be expected that there 
would be very low genotypic diversity and increased levels of genotypic diversity in 
populations undergoing recombination (Milgroom 1996). Most populations of fungi show 
population structures indicative of some level of recombination (Taylor et al. 1999). 
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Some fungi show population characteristics indicative of more asexual reproduction 
(Winton et al. 2006) whereas some show more sexual reproduction and random mating 
between individuals (Chen & McDonald 1996, Douhan et al. 2003, Zhan et al. 2003, 
Feau et al. 2005). Some factors can act to mask random mating in populations such as 
mating amongst related individuals in small populations (McDonald 2004), or mating in 
spatially restricted Neighborhoods (Milgroom 1996). In these cases, random mating may 
be occurring, but population structure may be more indicative of clonal reproduction 
(Milgroom 1996). The high levels of genetic and genotypic variation and low levels of 
divergence in the current study suggest that gene flow and sexual reproduction are 
important factors contributing to population genetic structure in Dothistroma 
septosporum populations of northwest BC. In some sites, random mating between 
individuals cannot be disproved. Mating type frequencies do not differ significantly from 
a 1:1 ratio on most sites, and in the group of 12 undifferentiated sites, the ratio of the two 
mating types was very close (55:56, p = 0.944). 
The index of association is a measure of gametic disequilibrium which uses information 
from multiple loci (Milgroom 1996). Pairwise comparisons are made between individuals 
in a population looking at the number of loci in which two individuals possess different 
alleles. The variance in the sample is then compared to the expected variance under the 
hypothesis of random mating. Random mating is expected to reduce non random 
associations between alleles caused by factors such as reproductive mode, selection, gene 
flow, drift and physical linkage. The rate at which these associations will break up is 
dependant upon factors acting to keep the linkages together, and how much 
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recombination is occurring. For instance, loci that are closer together on a chromosome 
will take longer to break up than loci located further apart, and combinations of loci that 
are selected for will take longer to break up than neutral associations. In instances where 
non random associations persist due to one or more of these factors, random mating may 
be masked (Milgroom 1996). 
Clonal reproduction appears to have a large impact on genetic structure suggested by the 
results from the index of association test which showed 15 sites with significant gametic 
disequilibrium. Removing four loci from the data set (data not shown) reduced that value 
to four sites showing gametic disequilibrium suggesting that there is some level of 
physical linkage in these loci, and that clonal reproduction is keeping these loci together 
in most sites, but sexual reproduction is high enough in some sites to break that linkage 
up. For the group of 12 undifferentiated sites, the index of association was significant for 
both the uncorrected and clone corrected data sets. Removing the four linked loci reduced 
the index of association to 0.113, which was still significant (p = 0.013). 
The parsimony tree length permutation test (PTLPT) (Burt et al. 1996) is based on the 
hypothesis that in clonal lineages multiple loci will have the same pattern of descent as 
they are passed on together through generations, but in recombining lineages, multiple 
loci have different patterns of descent because they are shuffled between unrelated 
individuals before being passed on to the next generation (Milgroom 1996). In clonal 
populations, the branch lengths of the most parsimonious tree will be much shorter than 
63 
randomized data, whereas branch lengths that fall in the range of those from randomized 
data should represent a sexually recombining population (Milgroom 1996). 
In addition to the four sites showing random mating for the index of association, three 
more sites were found that showed random mating for the parsimony tree length 
permutation test. The Sun site was the only one of the divergent sites to show random 
mating for both the IA and PTLPT tests. All other sites showing random mating were part 
of the larger undifferentiated group. Most sites had sample sizes that were too low for 
independent tests of random mating, but the results may indicate some trends or hotspots 
where random mating is occurring, or where other factors that mask random mating are 
not having large effects on population structure. Some of these sites may have a larger 
effective population size, or gene flow may be higher limiting the amount of mating 
between related individuals. It is likely that high gene flow is present in the sites showing 
random mating since they are also a part of the larger group of undifferentiated sites 
where population structure suggests high gene flow. Overall, results from the PTLPT also 
suggest that clonal reproduction has the greater impact on population structure since the 
group of 12 undifferentiated sites showed a parsimony tree significantly shorter than the 
trees produced from randomized data. 
Although gene diversity was lower in the Sun site, genotypic diversity was quite high, 
and random mating could not be rejected for any of the tests on reproduction. Although 
the site may be more isolated from the others, it appears to have a large enough effective 
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population size for sexual reproduction to reduce effects such as linkage disequilibrium 
or close relationships with nearest Neighbors. 
These results suggest that clonal reproduction significantly impacts population structure. 
This could be due to several factors. The release period of conidia is thought to be longer 
than the release period for ascospores. With more asexual inoculum causing infection, 
there is bound to be more mating between related individuals than random mating. 
Second, if these populations are relatively young as discussed previously, then they may 
not have reached equilibrium and founder effects may still be present in the population 
structure. A few individuals originating from ascospores starting infection in a host stand 
and subsequently reproducing clonally will produce a population containing few 
genotypes. The next generation will be produced from highly related individuals. In 
addition there may not be a lot of opportunity for recombination with fewer individuals of 
opposite mating type coming into contact. Variation within the populations would 
increase through generations by high migration as well as from recombination. Over 
time, non random associations would be broken up as reproduction occurs with less 
related individuals and more often. This may explain why some sites show more 
recombination than others. Some sites may be in earlier stages of establishment than 
others. This may be exacerbated by recurring population bottlenecks which could reduce 
population sizes back to founder levels. If epidemics are stopped by factors such as 
unfavourable weather conditions and started again when conditions for disease are 
favourable, then pathogen populations may repeatedly undergo bottlenecks. This cycle of 
recurring bottlenecks due to climate conditions has been hypothesized as one of the 
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factors keeping gene diversity lower in populations of Mycosphaerella graminicola in 
Australia (Zhan et al. 2003). 
Sample size is another limitation in tests of random mating (Milgroom 1996). Small 
sample sizes have reduced power in statistical tests causing one to accept the null 
hypothesis of random mating even though random mating is not necessarily occurring 
(Milgroom 1996). Small sample sizes also increase the chances of missing rare alleles in 
sites which would mask similarities and differences between those sites. In this study, 
sites that were not differentiated from one another were grouped for random mating tests 
in order to increase the power for statistical testing. In addition, the index of association 
is thought to alleviate some of the problems associated with small sample sizes 
(Milgroom 1996). Although Fst values may be slightly inflated and clonal reproduction 
underestimated in some sites, the data obtained from individual sites still highlights some 
of the relationships among the different sites and sheds some light on dispersal and 
spread of the pathogen. The fact that rare alleles were picked up in high frequency in 
some sites and not others even with small samples suggests a closer relationship in those 
sites than in others. 
Dothistroma septosporum populations in northwest BC appear to deviate from the 
classical "epidemic" model described by Maynard Smith et al. (1993) where population 
structure is influenced by recombination events and a few highly successful genotypes 
are amplified during an epidemic. The epidemic in northwest BC appears to be 
influenced by both reproductive modes. Evidence of sexual reproduction is found in the 
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high levels of genotypic diversity, the existence of both mating types in a 1:1 ratio, and 
lack of local spatial autocorrelation while existence of asexual reproduction is supported 
by frequent observation of conidial stromata, the index of association test, and the 
parsimony tree length permutation test. Other studies of ascomycetous tree pathogens 
have shown varying results due to mixed modes of mating. Mycosphaerella graminicola 
has consistently shown random mating based on the random association of loci in tests 
for gametic equilibrium coupled with high genotypic diversity using DNA fingerprints 
and nuclear Restriction Fragment Length Polymorphisms (RFLPs) (Chen & McDonald 
1996, Zhan et al. 1998) and DNA fingerprints and nuclear and mitochondrial RFLPs 
(Zhan et al. 2003). This pathogen has a very similar cycle to D. septosporum in that 
ascospores are thought to be wind dispersed and pycnidiospores splash dispersed (Zhan et 
al. 1998), however it is a wheat pathogen and the differences in host life cycles as well as 
management differences between agriculture and forestry may play a role in creating 
slight differences in population structure. In addition possible differences between the 
release periods for the two types of spores may also play a role in the importance of 
sexual reproduction in population structure. Other wheat pathogens have also shown 
more of an impact from sexual reproduction even though life cycles are similar to that of 
D. septosporum. In the wheat pathogens Tapesia yallundae and Tapesia acuformis, 
random mating could not be rejected for the majority of sites examined based on IA, 
PTLPT, and observed versus expected genotypic diversity using AFLPs, and mating type 
segregation also suggested random mating in the majority of the sites (Douhan et al. 
2002, Douhan et al. 2003). Again, the small differences in results could be due to host 
differences affecting the pathogen populations; in addition the smaller sample sizes in the 
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current study may have an impact on the results of this study. Cortesi et al. (2004) found 
evidence of both reproductive modes in Erysiphe necator in vineyards in Italy. They 
found haplotypic diversity, both mating types in a 1:1 ratio, and haplotypes were not 
spatially autocorrelated. In contrast, U showed a more clonal population structure, which 
is similar to results of this study. Similar to D. septosporum, E. necator's primary source 
of inoculum is thought to be the conidia, which are also dispersed over short distances. 
Similar results were also found in the banana pathogen Mycosphaerella musicola, which 
has a short ascospore release period and a longer period of release for conidia (Hayden et 
al. 2005), as is thought to occur in D. septosporum. In addition, ascospores of M. 
musicola are also wind dispersed, and conidia splash dispersed. Random mating was 
rejected in the majority of populations of M. musicola studied likely due to the conidia 
acting as the primary source of innoculum (Hayden et al. 2005). Gametic disequilibrium 
was low and diversity high shown with RAPD markers in the conifer pathogen 
Gremmeniella abietina, also ahaploid ascomycete (Wang 1997). The genetic 
dissimilarity found in this study led the author to conclude that this pathogen is also 
heterothallic (in contrast to a more similar structure with a homothallic pathogen that can 
self fertilize). In these populations, genetic diversity was found to be quite high 
suggesting that the founding population was not limited to a few individuals and that 
diversity was originally high (Wang 1997). This may be why less gametic disequilibrium 
was found in this study compared to the current study. 
In contrast, Winton et al. (2006) looked at population structure and reproductive mode in 
Phaeocryptopus gaeumannii, the pathogen responsible for Swiss needle cast, which has 
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been causing a severe epidemic since 1990 in Washington and Oregon. This pathogen 
was known to have a sexual stage and to self fertilize, but it was unknown if out crossing 
occurred. Using single-strand conformational polymorphism (SSCP) on a combination of 
five nuclear and mitochondrial genes and the IA, PTLPT, as well as a third test for 
reproductive mode, the partition-homogeneity test, they found an epidemic type 
population structure with a few overrepresented genotypes more reminiscent of a 
predominantly selfing population. The difference in reproductive biology (D. 
septosporum is heterothallic) is likely the cause of the contrasting results between the 
Winton et al. study and this study. 
In addition to the differing dispersal capabilities and release time of the two spore types, 
the contrasting results observed in this study may also be influenced by the markers used 
to measure diversity. As previously discussed, there was a high level of linkage in some 
of the loci which was observed in several of the sites. If there is a tight physical linkage 
between these loci, keeping them as part of the data set may cause an overestimation of 
clonal reproduction in these sites. Secondly, sexual reproduction could be overestimated 
if the actual number of genotypes was overestimated by not factoring in possible 
mutational differences. These two possibilities could be explored by doing more tests on 
linkage between the loci and looking at the results obtained after removing them, and by 
changing the definition of unique haplotypes (i.e. a unique haplotype is an individual 
with two or more differences in AFLP pattern). 
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Dothistroma septosporum populations in northwest BC could have a high evolutionary 
potential based on the existing level of genetic diversity and the presence of sexual 
reproduction. Higher evolutionary potential may not change the level of success for the 
pathogen now, but could have an effect in a changing environment or may help the 
pathogen evolve to expand into new territories. There appears to be a high level of gene 
flow among many of the sites as well as a large dispersal range. Even though many of the 
sites are not geographically close, there are very few barriers separating gene flow among 
them. The existence of some genetically distinct sites does suggest that gene flow may be 
limited to some extent, likely by local topography, local wind patterns and proximity to 
waterways. 
5.3 Center of origin 
The center of origin for D. septosporum is currently unproven. Evans' work (1984) 
favours the hypothesis that D. septosporum originated in Central America. D. 
septosporum is endemic to native species in the United States and Canada which could 
support the hypothesis that it is indigenous here; however the high susceptibility of native 
species supports the hypothesis of an earlier introduction of the pathogen (Evans 1984). 
Current evidence from host and pathogen populations in northwest BC cannot disprove 
the hypothesis of an early introduction. If the pathogen was indigenous to Canada, it 
would be expected that lodgepole pine would maintain a higher level of resistance, 
especially in biogeoclimatic zones where pine is naturally found in high quantities. 
Contrary to the expected, natural stands of lodgepole pine are experiencing mortality, 
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even in optimal habitats. The low level of resistance in the host may be due to climate 
change favouring the pathogen and compromising the host. If North American forests 
were on the northern limit of the pathogen's range with a few small niches in which the 
pathogen could maintain endemic populations, it is possible that small shifts in climate 
could allow for a range expansion in the pathogen. A range expansion would be even 
more effective in habitats where the host was suddenly at a slight disadvantage. This 
could explain the small patchy outbreaks that have occurred throughout BC over time 
with a sudden large scale outbreak now. 
In addition to favourable climate conditions (Woods et al. 2005, Welsh 2007) and 
changing forest structure, there is the possibility that hosts cannot maintain resistance to 
multiple attacks by the pathogen. Although not proven by data in this study, results in the 
few trees looked at suggest that trees are host to multiple genetically distinct individuals. 
This may be a contributing factor to the level of mortality being seen now. 
A comparison of gene diversity in the global population structure of D. septosporum 
would help answer the question of origin. In a study of global population structure of 
Mycosphaerella graminicola, Zhan et al. (2003) found average gene diversity values of 
0.503 in populations from the Middle East coupled with high mitochondrial DNA 
diversity. As this is also the origin of cultivated wheat, and these populations maintained 
the highest gene diversity, it was hypothesized that the pathogen originated in this region. 
In the current study average gene diversity of D. septosporum was 0.284. Following the 
argument of high gene diversity in a center of origin, this value is lower than expected, 
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however without other populations to compare with, this evidence cannot fully support 
either theory. Some level of diversity in the microsatellite loci would also be expected if 
western Canada was the center of origin. These loci show diversity at the continental 
scale but the study was not conducted within populations (Ganley & Bradshaw 2001), so 
no comparisons can be made with the results obtained in this study. 
Even though evidence in northwest BC suggests an earlier introduction of D. 
septosporum, it is likely that this introduction was not recent and was natural. This could 
have been accomplished through a host or range expansion of the pathogen during 
periods of favourable environmental conditions. A long term existence of the pathogen is 
suggested by the presence of both mating types in equal proportions, and the pathogen 
appears to maintain endemic levels on lodgepole pine which is native to the area. In 
addition Welsh (2007) has shown periodic outbreaks of the disease since the early 1800s 
in tree ring records. Further studies including globally distributed populations are needed 
to further address this issue. 
5.4 Growth rate and toxin production 
A small difference was found in growth rates from isolates between sites within the three 
subzones, but a repeated analysis using a second set measurements from the same isolates 
was not significant. Overall, growth rate and toxin production was quite variable even 
within cultures grown from the same isolate. The lack of continuity between the two 
groups of measurements suggests that the difference is not due to selection for increased 
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growth rate. Differences may be due to culture conditions or differences in collection or 
isolation dates. It is possible that the slightly higher growth rate in the two cooler regions 
(the ICH mcl and SBS mc 2) may represent a small selection pressure not present in the 
mild ICH mc 2. This difference may not be significant due to increased levels of gene 
flow between subzones. With the high levels of genetic variation and little differentiation 
between most of the sites, little difference in overall growth rates would be expected. 
Overall, toxin production was quite variable as well, especially the timing of initial toxin 
production. Although individuals from some sites appeared to produce toxin sooner than 
others, no one site had isolates that produced toxin at extremely high levels. Given the 
level of genetic variation, it would be expected that toxin production should vary as well. 
High variability in toxin production as well as in colony morphology and sporulation in 
culture has been observed in Dothistroma species previously, but it is unknown if this 
variability exists inplanta (Bradshaw & Zhang 2006). In addition, replicates of the same 
New Zealand strain differed in their ability to synthesize the toxin (Bradshaw et al. 
2000), again suggesting overall high variability for toxin production in culture. 
Sexual recombination and genetic variation may add to the variability seen in toxin 
production from the isolates from northwest BC. Recombination may shuffle alleles from 
the parents which may affect overall toxin producing abilities in the progeny. High 
variability in mycotoxin production among other traits was seen in a segregating 
population of Gibberella zeae (Cumagun et al. 2004). The parents were phenotypically 
similar leading the authors to conclude that traits were due to the segregation of several 
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genes each with an additive action. In the current study, the high genotypic diversity in 
each of the sites would likely lead to overall variability in toxin production. 
In the two sites where toxin production was quantified from cultures, no significant 
differences were found between individuals from the site that appeared to produce toxin 
sooner than the other. Toxin production from the individuals was still variable where 
some isolates produced less toxin, and others produced more, however the variability was 
found in isolates from both sites. In general, the results from the competitive ELISA 
assay showed that toxin production in the 21 individuals measured from northwest BC 
was quite low in comparison to the individuals measured by Bradshaw et al. (2000) who 
measured 12 isolates from 8 different countries. The Canadian isolate in that study was 
also quite low at 0.3 ^g/ml and 0.6 (ig/mg mycelium (Bradshaw et al. 2000), which was 
in the range of the isolates measured for this study (0.24 - 1.63 jxg/ml and 0.02 - 0.64 
|^g/mg mycelium). High variability in toxin producing abilities was observed in 
Dothistroma species by Bradshaw et al. (2000) who found toxin levels as low as 0.2 
Hg/mg mycelium in a Brazilian and in a New Zealand isolate, and as high as 118.1 ng/mg 
mycelium in an isolate from the German Alps. 
The low toxin concentrations from northwest BC isolates could possibly be due to low 
selection for toxin production. Low selection could be possible for a couple of reasons. If 
toxin is a pathogenicity factor, a lower resistance level in lodgepole pine versus other 
Pinus species could cause reduced selection pressure on the fungus in northwest BC and 
overall lower toxin production. Lower selection for toxin production in northwest BC 
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could also be possible if the toxin functions as an agent to aid the fungus in competition 
with other micro-organisms (R. Bradshaw4, personal communication). As D. 
septosporum already has a stronghold in northwest BC, competition would be low, 
therefore selection for toxin production would be low (R. Bradshaw , personal 
communication). 
Currently, the function of the toxin in disease is unknown. The toxin has been shown to 
reproduce the red bands found in association with the disease (Shain & Franich 1981) but 
to date it is unknown if the disease still develops in absence of the toxin (Bradshaw & 
Zhang 2006). The toxin is produced in the early stages of disease development and 
breaks down relatively quickly suggesting that it may have a role in early disease 
development (Bradshaw & Zhang 2006). If the toxin does aid in early stages of host 
colonization, variability in toxin production could be caused by variability in host 
resistance. Further studies to elucidate the role of the toxin, as well as inplanta toxin 
production including differences in the many Pinus hosts may explain some of the 
variability or high versus low toxin production seen from isolates elsewhere, and in 
northwest BC. 
6.0 Management implications 
This study has shown that the Dothistroma septosporum sites in northwest BC maintain a 
high level of genetic diversity and gene flow, and that sexual recombination occurs in the 
4
 Dr. Rosie Bradshaw, Senior Lecturer in Genetics, Institute of Molecular Biosciences, Massey University, 
Private Bag 11222, Palmerston North, New Zealand. 
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lifecycle of this pathogen. These characteristics have likely been influenced by a 
combination of favorable climate conditions as well as current forest management 
practices. Woods et al. (2005) have shown that several consecutive years of favorable 
climate conditions have accompanied the current outbreak of Dothistroma septosporum. 
Consecutive years of favorable climate have allowed for an increase in pathogen activity 
leading to a build up in inoculum and a rapid increase in the epidemic. In addition, 
current forest management practices have increased the abundance of host on the 
landscape (Woods 2003) creating a corridor through which gene flow and migration can 
occur. 
Forest management can change the landscape in many ways. Human interaction in forest 
systems has altered natural species composition via the introduction of new species, 
through the increase or decrease in abundance of the different species, and by reducing 
the stand complexity. These changes in forest ecosystems can cause an imbalance in 
existing pathosystems that can often result in disease epidemics (Hamelin 2006). 
Research done by Welsh (2007) has shown that periodic outbreaks of D. septosporum 
have been a part of the natural disturbance history in northwest BC since at least the early 
1800s and that only the current outbreak has reached the levels observed now. The 
current study has also shown a few sites with population characteristics suggesting 
persistent endemic levels of pathogen activity such as greater genetic differentiation, 
greater gene diversity, and sharing of rare alleles from stands all within or near natural 
pine stands or from areas where pine is naturally more abundant. These genetic 
characteristics and patterns cannot be explained by geographic distances or patterns, but 
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are more likely explained by historic relationships and a longer evolutionary time frame, 
possible due to the existence of host in these areas over that time frame as well. Forest 
management has likely created an imbalance in this pathosystem which has favoured 
disease development by increasing available host. With current climate trends also 
favouring disease and a pathogen with a high evolutionary potential as shown in this 
study, all components of the disease triangle have been met leading to the development of 
an epidemic. 
There was no significant difference between the amount of genetic diversity in 
Dothistroma septosporum populations from unmanaged stands versus plantations. 
However, five of the seven sites that maintained some level of genetic differentiation 
were from natural stands. The most genetically differentiated site was Sun, which was a 
plantation next to a natural stand composed of pine and spruce. Founder effects, recurring 
bottlenecks and genetic drift likely caused the higher levels of differentiation seen in this 
site suggested by the allele frequencies, the shared rare alleles, and the lower gene 
diversity value. The sharing of rare alleles between most of the differentiated sites 
suggests a historic relationship and the possibility that they pre-dated many of the sites 
now present. As conditions became more conducive to spread, consecutive years of 
favourable weather conditions and an abundance of host, it is probable that a few pre-
existing pathogen populations started to spread out to the plantations and several sites 
became connected with high gene flow among them resulting in several sites not 
differentiated from one another. 
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The small but significant difference in genetic diversity between biogeoclimatic zones 
could possibly represent some selection pressure on the pathogen populations due to 
different climate conditions present in each of the zones, but the lack of a consistent 
pattern suggests that it is more likely due to a few genetically differentiated sites located 
within each of the subzones. Four of the seven sites that exhibited some level of 
difference from the main group were from the SBS mc2 subzone, suggesting that this 
subzone was likely host to more endemic populations of the pathogen probably due to the 
naturally higher levels of host in this subzone. Overall fewer severely affected stands 
were found in the SBS mc2 subzone than in the other two. Given the high dispersal 
ability suggested by the population genetic structure found in this study, it is unlikely that 
physical barriers are the sole factor preventing migration. It is more probable that 
conditions in this subzone are not as favourable for the pathogen and that the host is 
better adapted to these conditions and possibly able to maintain some level of resistance 
to the pathogen. This suggests that new host stands established in both the ICH mcl and 
ICH mc2 will be more susceptible to disease than those established in the SBS mc2 
subzone. 
The high level of genotypic and genetic diversity within the pathogen populations 
suggests that sexual recombination plays an important role in the lifecycle of 
Dothistroma septosporum in northwest BC. In addition, mating types were found in 
approximate equal proportions throughout the data set, and spatial correlation analyses 
suggest that isolates obtained from Neighboring trees (30 m distance) are not any more 
related to each other than isolates from distant trees. Random mating was not found in the 
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majority of the sites using the index of association as well as the parsimony tree length 
permutation test suggesting that clonal reproduction is still the main reproductive mode 
contributing to population structure. The existence of sexual recombination could be a 
contributing factor in the current widespread outbreak of Dothistroma septosporum in 
northwest BC. Recombination can lead to genotypes that are more successful in a given 
environment (Winton et al. 2006), and it also gives the pathogen the potential to adapt in 
new or changing environments (evolutionary potential) (McDonald & Linde 2002). In 
terms of spread, a pathogen that can adapt quickly can invade new territories quickly, 
which may have occurred in northwest BC, and can continue to expand in areas where 
host stands are abundant. This high evolutionary potential can also have impacts on 
control strategies. Pathogens that have the ability to adapt quickly can overcome 
resistance quickly, an important consideration if resistance breeding is an option for 
control. 
This study has also shown compelling evidence for this pathogen's ability to disperse 
over long distances. Genetic diversity within a stand was quite high, suggesting that the 
splash dispersed conidia are not the main method of dispersal within a stand, or even 
between trees located 30 meters apart. In addition, isolates obtained within a tree were 
genetically different from one another, and not necessarily any more closely related to 
one another. These findings suggest that ascospore dispersal plays a very important role 
in shaping the genetic structure of populations at all levels, and that ascospore dispersal 
can cover large distances and encompass a very large area. It is speculated that 
ascospores are wind or mist dispersed (Gibson 1974, Bradshaw 2004) which is an 
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important consideration for management. A long dispersal range means that Neighboring 
regions containing pine are also at risk during an epidemic. If forest management 
continues to create unbroken corridors of pine, then the pathogen has the ability to invade 
new regions. In a pathogen population where recombination is high, evolutionary 
potential is high and areas that are unfavourable for the pathogen could still be at risk as 
novel genotypes, some possibly better adapted, are always being created. 
Given the biology of this pathogen, short term production of ascospores, long term 
production of conidia, as well as dispersal capabilities of the two spore types, it is 
hypothesized that the main source for initial infection is immigrant ascospores. Following 
initial infection, the stand is then effectively colonized through both asexual reproduction 
and the dissemination of conidia as well as through sexual reproduction and ascospores. 
In two stands appearing to be in an initial stage of infection, the majority of trees 
appeared to be unaffected or only showed a few noticeable clusters of needles with 
infection. Upon further investigation several trees found randomly throughout the stand 
showed signs of severe infection where nearly all needles were red and had abundant 
stromata present. These trees were probably infected via wind blown ascospores 
(suggested by high genotypic diversity) through which the pathogen established itself on 
the host and then produced the asexual conidia which could then effectively colonize the 
entire tree and surrounding trees. These trees could then act as infection sources through 
which the pathogen could quickly colonize the entire stand. This hypothesis would 
explain the rapid decline of so many host stands that appeared healthy one year, and upon 
inspection a year or two later suffered severe infection with observed mortality (A. 
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Woods , personal communication). This hypothesis could be tested via fine scale 
sampling in stands showing lower levels of overall infection. 
Understanding genetic structure and primary dispersal methods of pathogens not only 
enables managers to assess the risk imposed to surrounding stands and regions but it has 
a direct impact on control methods utilized by forest managers. If applications of 
fungicide are considered for control, timing of application is dependant on the most 
susceptible stage of the organism one is trying to control. If the primary source of 
inoculum of a pathogen is known, as well as when that inoculum is released, then 
fungicide could be deployed during primary release times (Milgroom & Peever 2003). 
This knowledge is crucial for fungicide to be an effective control measure, especially 
considering the cost associated with this method. If resistance breeding is an option, 
managers need to take the genetic structure of the pathogen into consideration. A 
pathogen with a high evolutionary potential may be able to overcome resistance very 
quickly (McDonald & Linde 2002). More effective resistance breeding options may be 
considered such as quantitative resistance where resistance is due to a combination of 
several genes, or strains with different resistance genes can be mixed both temporally and 
spatially (McDonald & Linde 2002). With a high risk pathogen population such as this 
one in combination with favourable host and climate conditions, resistance breeding 
alone may not be an effective means of control. To maximize efficiency in any control 
strategy, multiple methods to reduce risks posed by pathogens should be employed. 
5
 Alex Woods, Forest Pathologist, Ministry of Forests, Bag 6000, 3333 Tatlow Road, Smithers, BC, V0J 
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7.0 Conclusion 
A genetically recombining pathogen population, with unlimited population size, has a 
very high evolutionary potential (McDonald & Linde 2002). The results from this study 
suggest a high amount of gene flow between pathogen sub-populations from individual 
stands of lodgepole pine, where most of the pathogen sub-populations are essentially 
acting as one large population. Since the pathogen has a high evolutionary potential, 
resistance breeding may not be an effective method of control, especially considering the 
rotation time for trees. More effective methods of control may be to attempt to reduce the 
population size of the pathogen itself and to limit migration and gene flow (McDonald & 
Linde 2002). This could be done by decreasing the amount of available host, especially 
along corridors where dispersal is high. By increasing the patchiness of host stands, one 
could effectively break the bridge that connects pathogen sub-populations. 
Continuing to establish host stands will likely result in further infection by this pathogen. 
If climate patterns remain conducive to spread of the pathogen, hosts will continue to be 
infected and remain in less than optimal to severe states of infection. Reducing host to 
natural levels in this area would be the most effective method of reducing the pathogen to 
endemic levels, especially if climate change continues to cause local weather patterns 
conducive to spread. 
This study examined genetic structure at an intermediate scale shedding light on 
reproductive methods and general population structure of the pathogen during an 
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epidemic. Continued work on population structure of this pathogen could address 
population structure both at a fine scale and at a global scale, as well as during periods 
where the pathogen maintains endemic levels. Intensive fine scale sampling at a few sites 
could show the impact of clonal reproduction in population structure, the dispersal 
capabilities of the conidia, as well as to determine the genetic structure within trees. This 
study suggests that a single tree may be under attack by multiple strains of the pathogen. 
Confirming this may shed some light on possible reasons for the current epidemic. It is 
possible that a host cannot tolerate multiple attacks by a range of individuals with varying 
pathogenic abilities causing a breakdown in resistance. 
Looking at genetic diversity at a global scale is also important. Large scale sampling 
within a country or continent may help to determine the limitations to dispersal which 
may help forest managers in attempts to break up corridors of dispersal. Looking at 
genetic diversity and phylogenetic relationships between continents may help to 
determine the origin of this pathogen and may also help disease management by 
determining if certain methods of control used elsewhere would be suitable based on 
similarities and differences in the genetic structures of various globally distributed 
populations. 
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Table 1: Microsatellite primer sequences and conditions. 
Locus 5' primer 3' primer Allelesa Annealingb 
(base pairs) temperature 
X 
M B 1 KKVRVRVTGTGTGTGTGTG GGCACGTTGTACTGTAGCTCCA 138,142, 1st round 60 
164' ' 2nd round 50 
M B 5 KKVRVRVTGTGTGTGTGTG GCATCGGCTCTACACGCTCAC 285,293, N N/A 
M B 8 KKVRVRVCTCTCTCTCTCT GCGGAGTGTGAAATCAGCA 212, N 
DBC2 GCTGGCTTGCCATCCAGCGCTCC GTCGCAGTAATGTCTGAAGAC 158, 164, 
169^N 
TUB1 CGAGAGGCTCAGTCCCGAAGG CTCTCGGCGCCATTGCTAGCTAC 133j 135 
a
 allele sizes found in the Ganley & Bradshaw study (2001). N indicates no amplification 
product, bold values indicate allele sizes of Canadian isolate included in Ganley & 
Bradshaw study (2001). 
Annealing temperature refers to the temperature used in this study. 
1st round 60 
2nd round 48 
1st round 60 
2nd round 58 
1st round 60 
2nd round 58 
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Table 2: Primers used for AFLP analysis in Dothistroma septosporum. 
Primer 
Pre-EcoRI 
Pre-MselC 
E-ACG* 
M-CAA* 
M-CTG* 
E-A 
M-A 
MA 1.1 
MA 1.2 
EA1.1 
EA1.2 
Function 
Pre amplification 
Pre amplification 
Selective amplification 
Selective amplification 
Selective amplification 
Selective amplification 
Selective amplification 
adapter 
adapter 
adapter 
adapter 
Sequence 
GACTGCGTACCAATTC 
GATGAGTCCTGAGTAAC 
GACTGCGTACCAATTCACG 
GATGAGTCCTGAGTAACAA 
GATGAGTCCTGAGTAACTG 
GACTGCGTACCAATTCA 
GATGAGTCCTGAGTAAA 
GACGATGAGTCCTGAG 
TACTCAGGACTCAT 
CTCGTAGACTGCGTACC 
AATTGGTACGCAGTC 
* Fluorescently labeled for use on Beckman Coulter CEQ8000 capillary sequencer. 
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Table 3: Site characteristics and sample size for AFLP data set 
Site Site Code Subzone Unmanaged/ Sample size Longitude Latitude 
Plantation3 
Full data CCb 
Brown Bear 
Bell Irving 
Bulkley Canyon 
Evelyn Pasture 
Jonas Creek 
Kinskutch 
Kuldo Creek 
Kisgegas Canyon 
Mitten road 
Squingula Mine 
Mosque River 
Nangeese Road 
North Kuldo Road 
NashY 
Orendo 
Sediesh Creek 
Squingula River 
Sunday Lake 
Tea Lake 
BB 
BI 
Buc 
EP 
Jon 
Kin 
Kid 
Ksc 
Mit 
MN 
Mos 
Nan 
Nkr 
NY 
OR 
SD 
Sq 
Sun 
Tea 
ICH mcl 
ICH mcl 
ICH mc2 
ICH mc2 
SBS mc2 
ICH mcl 
ICH mcl 
ICH mcl 
ICH mc2 
SBS mc2 
SBS mc2 
ICH mcl 
ICH mcl 
ICH mc2 
ICH mcl 
ICH mc2 
SBS mc2 
ICH mc2 
ICH mc2 
P 
u 
u 
P 
u 
p 
P 
u 
p 
u 
u 
p 
p 
u 
p 
u 
u 
p 
p 
15 
7 
8 
14 
9 
9 
7 
6 
14 
11 
8 
13 
8 
16 
8 
6 
10 
16 
7 
14 
6 
8 
12 
6 
8 
7 
5 
12 
11 
6 
10 
8 
14 
8 
6 
9 
14 
7 
-128.846 
-129.166 
-127.433 
-127.329 
-127.394 
-129.018 
-127.900 
-127.594 
-128.078 
-127.490 
-127.569 
-128.339 
-127.895 
-127.873 
-129.023 
-127.654 
-127.139 
-127.774 
-127.961 
55.848 
56.381 
55.231 
55.072 
54.604 
55.577 
55.848 
55.703 
55.592 
56.400 
56.533 
55.704 
55.946 
55.092 
55.901 
55.502 
56.150 
55.437 
55.208 
a
 Clone corrected data set 
natural unmanaged stand or managed plantation 
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Table 4: ANOVA results for growth rate data with site nested within biogeoclimatic zone 
for the two groups of measurements, A and B representing the two randomly chosen 
cultures per isolate. 
Dependent Variable: Growth Rate A 
Source Type III Sum of Squares 
Intercept 24.45 
subzone 0.01 
Site within subzone 0.10 
Dependent Variable: Growth Rate B 
Source Type III Sum of Squares 
Intercept 27.10 
subzone 0.03 
Site within subzone 0.17 
(df) 
1 
2 
11 
(df) 
1 
2 
11 
Mean Square 
24.45 
0.01 
0.01 
Mean Square 
27.10 
0.02 
0.02 
F 
2628.29 
0.52 
1.466 
F 
1787.64 
1.13 
2.54 
Sig. 
0.000 
0.607 
0.150 
Sig. 
0.000 
0.357 
0.006 
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Table 5: Results for microsatellite fragments in Dothistroma septosporum. 
Locus name 
MB1 
MB5 
MB8 
DBC2 
TUB1 
No. of isolates 
screened 
30 
17 
28 
25 
27 
No. of isolates 
successfully 
amplified 
14 
0 
8 
25 
27 
Published size of 
Canadian isolate 
(base pairs) 
138 
Null allele 
Null allele 
158 
135 
Size of screened 
isolates 
241, null 
null 
158, null 
157 
135 
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Table 7: The expected frequency of each of the shared haplotypes and the actual number 
of times observed in the data set (arranged based on probability). 
Haplotype definition 
0100101000001011100 
0111101111101100100 
1110101000101110000 
0101001111101110100 
1100101000101110100 
0100101000001111100 
0100100000101111000 
0101101101101101100 
0101101111001111100 
0101000111101111100 
0110100000101110100 
0110101000101111000 
1111101111101110000 
0101101111111110100 
1101100111101110100 
0101001111101111100 
1101101111101111000 
1101101111101110000 
0100101111101111100 
0111101111101110100 
0111100011101110100 
0111101111101111000 
0111101111101110000 
0111101111101111100 
0101101111101111100 
0101101111101110100 
times observed 
2 
2 
3 
2 
2 
2 
3 
2 
2 
2 
6 
2 
2 
2 
3 
2 
3 
2 
2 
4 
3 
5 
4 
4 
4 
3 
probability 
0.0001 
0.0001 
0.0001 
0.0002 
0.0003 
0.0003 
0.0003 
0.0004 
0.0004 
0.0004 
0.0004 
0.0004 
0.0006 
0.0007 
0.0007 
0.0007 
0.0007 
0.0008 
0.0009 
0.0010 
0.0015 
0.0022 
0.0025 
0.0035 
0.0050 
0.0057 
Table 8: Population genetic statistics calculated using AFLP data for Dothistroma 
septosporum for full data set and the clone corrected data set (CC). 
Site Sample No. Proportion No of No of Proportion Genotypic Nei's gene 
size polymorphic poly loci genotypes unique unique diversity3 diversity15 
Full CC sites genotypes genotypes 
data 
BB 
BI 
Buc 
EP 
Jon 
Kin 
KLD 
KSC 
Mit 
MN 
Mos 
Nan 
NKR 
NY 
OR 
SD 
Sq 
Sun 
Tea 
15 
7 
8 
14 
9 
9 
7 
6 
14 
11 
8 
13 
8 
16 
8 
6 
10 
16 
7 
14 
6 
8 
12 
6 
8 
7 
5 
12 
11 
6 
10 
8 
14 
8 
6 
9 
14 
7 
14 
12 
12 
14 
9 
11 
13 
12 
13 
15 
8 
14 
14 
14 
10 
11 
17 
11 
12 
0.737 
0.632 
0.632 
0.737 
0.474 
0.579 
0.684 
0.632 
0.684 
0.789 
0.421 
0.737 
0.737 
0.737 
0.526 
0.579 
0.895 
0.579 
0.632 
14 
6 
8 
12 
6 
8 
7 
5 
12 
11 
6 
10 
8 
14 
8 
6 
9 
14 
7 
6 
2 
4 
7 
4 
4 
4 
4 
8 
10 
2 
4 
5 
9 
4 
4 
7 
9 
4 
0.429 
0.333 
0.500 
0.583 
0.667 
0.500 
0.571 
0.800 
0.667 
0.909 
0.333 
0.400 
0.625 
0.643 
0.500 
0.667 
0.778 
0.643 
0.571 
0.991 
0.952 
1.000 
0.967 
0.889 
0.972 
1.000 
0.933 
0.967 
1.000 
0.893 
0.962 
1.000 
0.975 
1.000 
1.000 
0.978 
0.983 
1.000 
0.253 
0.309 
0.290 
0.296 
0.253 
0.267 
0.326 
0.295 
0.313 
0.375 
0.211 
0.250 
0.344 
0.279 
0.190 
0.316 
0.360 
0.189 
0.281 
"Genotypic diversity (Multilocus - based on Agapow & Burt 2001) - calculated using 
complete data set. 
Gene diversity calculated on clone corrected data using Arlequin 3.1 - average gene 
diversity over loci. 
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Table 9: Analysis of Molecular Variance (AMOVA) on AFLP (clone corrected) data. 
Variance partitioned into sites and biogeoclimatic variants. 
Source of Variation (df) Sum of Variance % Total p-value* 
Squares Component Variance 
Between Biogeoclimatic 2 26.30 0.14 4.52 0.005 
zones 
Between Sites 16 85.14 0.30 9.56 < 0.001 
Between individuals 152 406.97 2.68 85.92 < 0.001 
within sites 
* Significance tests based on 1023 permutations. 
99 
Table 10: Analysis of Molecular Variance (AMOVA) on AFLP (clone corrected) data. 
Variance partitioned into sites and forest type - plantations or unmanaged natural stands. 
Source of Variation 
Between stand types 
Between Sites 
Between individuals 
within sites 
(df) 
1 
17 
152 
Sum of 
Squares 
8.26 
103.18 
406.97 
Variance 
Component 
0.02 
0.38 
2.68 
% Total 
Variance 
0.75 
12.36 
86.89 
p-value* 
0.261 
< 0.001 
< 0.001 
* Significance tests based on 1023 permutations. 
100 
Table 11: Analysis of Molecular Variance (AMOVA) on AFLP (clone corrected) data. 
Variance partitioned into within a tree, within a site, and among two sites -Mit and Nan. 
Source of Variation (df) Sum of Variance % Total p-value; 
Squares Component Variance 
Between two sites 1 3.53 0.09 3.77 0.265 
Between trees within 6 16.33 0.36 15.00 0.091 
sites 
Between individuals 9 17.67 1.96 81.23 0.084 
within trees 
*Significance tests based on 1023 permutations. 
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Table 14: Mating type segregation 
Population 
BB 
BI 
Buc 
EP 
Kin 
Kid 
Ksc 
Mit 
Nan 
Nkr 
SD 
Tea 
ST a 
Jon 
MN 
Mos 
NY 
Or 
Sq 
Sun 
Totalb 
N 
12 
5 
11 
12 
10 
9 
6 
12 
12 
10 
5 
7 
111 
8 
10 
9 
16 
8 
13 
16 
190 
Matl:Mat2 
7:5 
3:2 
5:6 
5:7 
8:2 
1:8 
2:4 
8:4 
6:6 
4:6 
3:2 
3:4 
55:56 
2:6 
4:6 
4:5 
13:3 
7:1 
11:2 
10:6 
105:85 
x2 
0.167 
0.045 
0.167 
1.800 
0.667 
0.000 
0.200 
0.005 
0.200 
3.125 
3.115 
0.500 
1.053 
P 
0.683 
0.832 
0.683 
0.180 
0.414 
>0.9S 
0.655 
0.944 
0.655 
0.077 
0.078 
0.480 
0.305 
a
 total of the 12 populations that are genetically undifferentiated from each other 
b
 total of all populations 
Chi square and probability not calculated for populations with less than 10 samples. 
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Table 15: Random mating tests with AFLP on Dothistroma septosporum. Index of 
Association on full data set and on clone corrected data set. 
Population 
BB 
EP 
Ksc 
Mit 
SD 
BI 
Kid 
Buc 
Tea 
Nan 
Nkr 
Kin 
STa 
Jon 
MN 
Mos 
NY 
Sq 
Or 
Sun 
Totalb 
N 
15 
14 
6 
14 
6 
7 
7 
8 
7 
13 
8 
9 
114 
9 
11 
8 
16 
10 
8 
16 
192 
Index of Association 
IA° 
1.281 
1.717 
3.383 
1.437 
2.000 
1.787 
1.055 
0.774 
0.984 
0.866 
0.470 
0.540 
0.941 
3.130 
2.230 
1.733 
1.175 
1.817 
0.493 
0.199 
0.994 
P 
O.002 
O.002 
O.002 
O.002 
0.004 
<0.002 
O.002 
0.018 
0.018 
0.008 
0.052 
0.040 
< 0.002 
<0.002 
O.002 
O.002 
O.002 
O.002 
0.104 
0.164 
0.002 
N c c* 
14 
12 
5 
12 
6 
6 
7 
8 
7 
10 
8 
8 
103 
6 
11 
6 
14 
9 
8 
14 
171 
Index of Association 
T CC 
•lA 
1.185 
1.458 
2.625 
0.867 
2.000 
1.387 
1.055 
0.774 
0.984 
0.556 
0.470 
0.320 
0.874 
2.575 
2.230 
1.639 
0.862 
1.442 
0.493 
0.124 
0.870 
P 
<0.002 
O.002 
0.002 
0.002 
0.004 
0.006 
0.006 
0.010 
0.018 
0.048 
0.052 
0.154 
<0.002 
O.002 
O.002 
<0.002 
O.002 
O.002 
0.104 
0.232 
<0.002 
a
 total of the 12 populations that are genetically undifferentiated from each other 
b
 total of all populations 
c
 Index of association - values obtained in Multilocus program. 500 randomizations of 
data. 
* CC = clone corrected data 
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Table 17: Results from the 2D Local Spatial Analysis for three sites, BB, EP, and Sun. 
Site Tree N = 2 N = 3 
BB 
BB 
BB 
EP 
EP 
EP 
EP 
Sun 
Sun 
Sun 
5 
6 
8 
12 
11 
6 
4 
12 
15 
7 
r 
0.243 
0.146 
-0.100 
1.124 
0.778 
0.570 
0.560 
0.319 
0.214 
0.185 
Prob (P) 
0.191 
0.306 
0.616 
0.010 
0.030 
0.080 
0.080 
0.120 
0.140 
0.240 
r 
0.123 
0.252 
0.238 
0.379 
0.283 
0.222 
0.404 
0.087 
0.184 
0.255 
Prob (P) 
0.272 
0.109 
0.147 
0.100 
0.140 
0.220 
0.050 
0.200 
0.130 
0.040 
Results are for the trees with the closest relationships to the nearest two neighbors and 
nearest three neighbors. All other trees within each of the sites had small correlation 
values (r) and were not significant. 
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Table 18: Dothistromin production by isolates from two sites as determined using a 
competitive ELISA assay. 
Site ID doth ug/ml* doth |ig/mg mycelium* 
BB BB1B 1.17 0.11 
0.09 
0.09 
0.37 
0.35 
0.43 
0.10 
0.29 
0.14 
0.24 
0.07 
0.02 
Mit2 Mit2 1U 0.88 0.21 
0.64 
0.13 
0.06 
0.18 
0.06 
0.10 
0.29 
0J_1 
Means: doth ug/ml - BB = 1.044 (SD = 0.412); Mit2 = 0.793 (SD 0.386) 
doth ug/mg mycelium-BB = 0.191 (SD = 0.139); Mit2 = 0.196 (SD = 0.183) 
ANOVA results: doth ug/ml (F = 2.010, p = 0.172); doth ug/mg mycelium (F = 0.005, p = 0.945) 
* determined by Dr. Rosie Bradshaw's laboratory group at Massey University, New Zealand 
BB2B 
BB3B 
BB4B 
BB5B 
BB6B 
BB9A 
BB10B 
BB 11B 
BB12C 
BB 14B 
BB15B 
Mit2 3UB 
Mit2 5L 
Mit2 5M 
Mit2 6LA 
Mit2 7LB 
Mit2 7U 
Mit2 8L 
Mit2 8UB 
1.11 
1.25 
1.37 
1.40 
1.63 
0.98 
1.15 
1.18 
0.46 
0.59 
0.24 
.  
1.23 
1.10 
0.72 
0.44 
0.48 
0.40 
0.46 
1.43 
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Figure 1: Map of northwest BC showing the location of the 19 study sites. Inset map of 
BC showing location of study region. (Map created using Air Photo Inventory web 
application Version 1.2) 
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Figure 2: Neighbor Joining Phylogenetic tree based on Nei's (1978) unbiased genetic 
distance. Genetic distance calculated in POPGENE, and Neighbor Joining tree computed 
using the program Neighbor in PHYLIP. 
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Figure 3: Mantel test results using Nei's genetic distance calculated from AFLP data and 
geographic distance for all 19 study sites. 
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Figure 4: Combined spatial structure analysis at multiple distance class sizes using the 
three sites - BB, EP, and Sun. r is the correlation coefficient, U and L are the upper and 
lower error bars. The values for r are not significant (p = 0.05). 
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• level 1 
• level 2 
• level 3 
BB Buc Kin Kid Mit Nan Nkr 
Population 
SD Tea 
Figure 5: Percentage of isolates reaching the three levels of toxin production in culture. 
Level 1 is low levels of toxin with minor coloration of the agar surrounding the culture, 
Level 2 is intermediate with toxin coloring approximately half of the agar, and Level 3 is 
high toxin production with % to all of the agar colored by toxin production. Based on 
visual assessment. 
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Figure 6: Toxin production in four isolates. The top two isolates, from Sq, show more 
toxin (the dark red colour surrounding the culture), while the bottom two show less. 
Bottom left: Nan, bottom right: Mit. 
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